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Abstrat
In this work it has been attempted for the rst time to investigate the omplete working
eletrode (half ell interfae: TiO2/RuL'2(NCS)2/eletrolyte) of the Dye Sensitized Solar
Cell (DSSC) by means of Photoeletron Spetrosopy. The sope of this work is to inves-
tigate the interfaial interations between the adsorbates and the TiO2 substrate, rather
than bulk proesses within the substrate or eletrolyte.
Sine the overage of the dye onto the TiO2 substrate amounts only up to one monolayer,
a highly surfae sensitive method, as Synhrotron Indued Photoeletron Spetrosopy
(SXPS), has been applied to investigate the topologial, hemial and espeially the ele-
troni interations within the working eletrode interfae. The photoeletron spetra have
been reorded predominantly at the U49/PGM-2 and the TGM7 beamlines at BESSY, and
some have been measured at the Darmstadt Integrated System (DAISY). For preparation
and analysis of the solid/liquid interfaes a speially designed experimental workstation
(SoLiAS) has been employed, run by the Surfae Siene Group of Materials Siene at the
University of Tehnology in Darmstadt. All investigated interfaes have been prepared in
the Ultrahigh Vauum (UHV) and transferred to the analysis hamber without ontamina-
tion by ambient air. In order to be able to adsorb the solvent in the UHV, a liquid nitrogen
ooled manipulator has been used at SoLiAS.
The adsorption of aetonitrile and benzene onto the untreated TiO2 substrate reveals the
interations of the solvent moleules with the substrate to a dierent extent. Whereas
aetonitrile quenhes Ti
3+
sites of redued oordination numbers and oxygen vaanies (VO
states) to a onsiderable amount, the interation of benzene is rather weak. In ontrast
to aetonitrile adsorption, where a fration of moleules is obviously hemisorbed to the
surfae, benzene moleules are mostly physisorbed.
Of speial interest for the funtion of the DSSC devie is the diretional transfer of holes
and eletrons due to the distint geometry of the dye moleule, often referred as vetorial
harge transfer [1℄. This implies, that the dye ideally works as an eletroni membrane,
transferring holes and eletrons into opposite diretions. Therefore the orientation of the
dye and its oupling to the TiO2 substrate is the ruial point to allow an eetive harge
separation. By oadsorption of polar aetonitrile onto the dye sensitized anatase surfae,
a reorientation of the dye moleules has been dedued. In ontrast, the oadsorption of
unpolar benzene moleules does not involve an orientation hange of the dye moleules.
Thus it is onluded that the reorientation of the dye moleules depends on the polarity of
the oadsorbed solvent.
The additional adsorption of eletrolyte speies onto the dye sensitized TiO2 substrate, in-
luding an I
−
anion, the ation (1-propyl-3-methylimidazolium) and the solvent aetonitrile,
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has been performed. In this work it has been postulated that by the interation between
the HOMO of the dye and the I
−
ions, additional states losely below the HOMO level are
formed, whih are probably involved in the hole transfer from the HOMO to the redued
redox ouple speies, the I
−
ion. By means of a homogeneous distribution of the I
−
by the
oadsorbed solvent, it ould be shown, that the eletrolyte salt is dissolved in the solvent,
probably ativated by the synhrotron beam. Thus the relevane of the model experiments
at the TiO2/dye/eletrolyte salt/solvent interfae orresponding to the real, solid/liquid
TiO2/dye/eletrolyte interfae is evidened.
Übersiht
Im Rahmen dieser Arbeit wurde zum ersten Mal versuht, die komplette Arbeitselektrode
(TiO2/RuL'2(NCS)2/Eletrolyt) der Farbstonjektionssolarzelle (DSSC) anhand von Pho-
toelektronenspektroskopie zu untersuhen. Die Aufgabenstellung dieser Arbeit umfasst eher
die Untersuhung der Wehselwirkungen an den Grenzähen zwishen den Adsorbaten und
dem TiO2 - Substrat als die Prozesse im Volumen des Substrates oder des Elektrolyts.
Da die Bedekung des Farbstoes auf dem TiO2 - Substrat nur bis zu einer Monolage be-
trägt, wurde die synhrotroninduzierte Photoelektronenspektroskopie als eine Methode mit
sehr hoher Oberähenempndlihkeit angewendet, um topologishe, hemishe und ins-
besondere die elektronishen Wehselwirkungen innerhalb der Arbeitselektrode zu unter-
suhen. Die Photoelektronenspektren wurden überwiegend am U49/PGM-2 - und TGM7 -
Strahlrohr bei BESSY aufgenommen, wobei auh einige Spektren am Darmstädter Integri-
erten System (DAISY) gemessen wurden. Für die Präparation und Analyse der Fest/Flüssig -
Grenzähen wurde ein speziell dafür entwikeltes Versuhssystem (SoLiAS) eingesetzt,
welhes vom Institut für Oberähenforshung des Fahbereihs Materialwissenshaften der
Tehnishen Universität Darmstadt betrieben wird. Alle untersuhten Grenzähen wurden
im Ultrahohvakuum (UHV) präpariert und in die Messkammer transferiert, welhes eine
Kontamination durh Luft ausshlieÿt. Um die Adsorption des üssigen Lösungsmittels im
UHV durhführen zu können, wurde an der SoLiAS ein mit üssigem Stiksto gekühlter
Manipulator eingesetzt.
Die Adsorption von Aetonitril und Benzen auf das unbehandelte TiO2 - Substrat zeigt eine
Wehselwirkung der jeweiligen Lösungsmittelmoleküle mit dem Substrat untershiedlihen
Ausmaÿes. Während Aetonitril unterkoordinierte Ti
3+
- Stellen und Sauerstoeerstellen
(VO - Zustände) in einem beträhtlihen Ausmaÿ dämpft, so ist die Wehselwirkung mit
Benzen ziemlih shwah. Im Gegensatz zur Aetonitril - Adsorption, wo ein gewisser An-
teil von Molekülen an der Substratoberähe hemisorbiert sind, sind Benzen -Moleküle
überwiegend physisorbiert.
Von besonderem Interesse für die Funktion der DSSC ist der gerihtete Transfer von Elek-
tronen und Löhern, begründet durh die ausgeprägte Geometrie des Farbstomoleküls.
Dieser gerihtete Transfer wird oftmals als vektorieller Ladungstransfer bezeihnet [1℄.
Das bedeutet, dass der Farbsto als elektronishe Membran fungiert, welhe Elektronen
und Löher in entgegengesetzte Rihtungen transferiert. Folglih ist die Orientierung des
Farbstoes und seine Bindung zum TiO2 - Substrat der entsheidende Punkt, um eine ef-
ziente Ladungsträgertrennung zu ermöglihen. Anhand der Koadsorption polaren Ae-
tonitrils auf die mit Farbsto bedekter Anatasoberähe wurde eine Umorientierung der
Farbstomoleküle abgeleitet. Im Gegensatz dazu bewirkt die Koadsorption unpolaren Ben-
zens keinen Orientierungswehsel der Farbstomoleküle. Aufgrund dessen wird gefolgert,
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dass die Umorientierung der Farbstomoleküle von der Polarität des koadsorbierten Lö-
sungsmittelmoleküls abhängt.
Die zusätzlihe Adsorption einer Elektrolytspezies auf das mit Farbsto bedekten TiO2 -
Substrats wurde durhgeführt, welhe das I
−
- Anion, das Kation (1-Propyl-3-Methylimid-
azolium) und das Lösungsmittel Aetonitril enthält. In der vorliegenden Arbeit wurde
postuliert, das durh die Wehselwirkung zwishen dem Farbsto -HOMO und den I
−
-
Ionen zusätzlihe Zustände diht unterhalb des HOMO -Niveaus gebildet werden, welhe
mögliherweise am Löhertransfer vom HOMO zur reduzierten Redoxspezies, den I
−
- Ionen,
beteiligt sind. Anhand einer homogenen Verteilung der I
−
- Ionen durh das koadsorbierte
Lösungsmittel konnte gezeigt werden, dass das Elektrolytsalz im Lösungsmittel gelöst wird
 mögliherweise aktiviert durh den Synhrotronstrahl. Von daher wurde die Relevanz
der Modellexperimente an der TiO2/Farbsto/Elektrolytsalz/Lösungsmittel - Grenzähe
gezeigt, welhe der realen, fest/üssigen TiO2/Farbsto/Elektrolyt - Grenzähe entspriht.
Introdution to the Dye Sensitized Solar Cell
Historial bakground
The disovery of the photoeletri eet by the frenh sientist Edmond Bequerel [2℄ is
fundamental for all subsequent ativities in researh and development of devies to onvert
light into eletrial power. For his pioneering experiment he used a halide salt solution as
an eletrolyte between two platinum eletrodes. Motivated by photography Vogel disov-
ered that by adding dye to a silver halide emulsion [3℄ he ould extend the sensitivity of
this photoative eletrolyte to visible light. The rst attempt of sensitizing a solid silver
halide eletrode with a dye for a photoeletrohemial ell was arried out by Moser [4℄
in 1887. Almost eighty years later it is generally aepted that adsorbing sensitizing dyes
on semiondutor eletrodes in a dense monolayer is needed for a high eient Dye Sen-
sitized Solar Cell (DSSC) [5℄. But photoorrosion of the halide eletrode ours in the
eletrolyte solution. Therefore oxide semiondutors are used, beause of their improved
photostability. The next big step in the development of the DSSC was the hange from
a smooth to a porous surfae to inrease the adsorption of light by the dye monolayer
dramatially. In 1991, O'Regan and Grätzel [6℄ presented a very eient DSSC based on
nanorystalline TiO2 showing an eieny of 7.1% under full solar illumination and up to
12% under diuse light. As sensitizer they used the Ru dye N3 (Ru
II
(2,2'-bipyridine-4,4'-
diarboxylate)2(NCS)2), RuL'2(NCS)2 with L'=(2,2'-bipyridine-4,4'-diarboxylate)2 whih
is still among the dyes showing highest eienies.
Devie operation
In a dye sensitized solar ell (DSSC) [610℄ the omplex interplay between the TiO2 sub-
strate, the dye moleules and the redox ouple I
−
/I
−
3 is ruial for the performane of the
devie. Unlike in a p/n juntion ell the harge separation and transport take plae in dier-
ent media (Figure 0.1). Hene in the n-doped TiO2 semiondutor mainly majority harge
arriers (eletrons) are present, whereas minority harge arriers (holes) are insigniant.
Thus reombinations between eletrons and holes in bulk material, as it is the ase for
onventional p/n juntion ells, are minimized. The devie operation of the DSSC an be
summarized in a simplied ation sequene as follows. Within the sensitizer dye moleule
(S) the generation of the eletron hole pair (step 1) ours by absorption of light of su-
ient energy (hν ≧ ∆ELUMO−HOMO) from the highest oupied moleular orbital (HOMO)
into the lowest unoupied moleular orbital (LUMO) [11℄. Owing to photon absorption
the dye moleule is in an exited state (S∗).
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Figure 0.1: left: A shemati piture ontaining all relevant parts of the DSSC as indiated. right:
The individual operation steps in the DSSC, inluding generation of the eletron hole pair (step
1), injetion of the eletron into the TiO2 semiondutor (step 2), redution of the dye by I
−
ions forming I
−
3 ions (step 3), diusion of the eletrons through the nanorystalline TiO2 (step 4),
eletrons ontributing to the urrent iruit (step 5), and redution of I
−
3 to I
−
(step 6)
S + hν −→ S∗ (0.1)
The photogenerated eletron is injeted in a pio- to femtoseond timesale [12, 13℄ from
the LUMO of the dye moleule to the ondution band of the nanorystalline TiO2 substrate
(step2) resulting in an oxidation of the dye moleule (S+).
S∗ −→ S+ + e−(TiO2) (0.2)
From the HOMO level of the dye the remaining hole is aptured by the redued I
−
ions of
the redox ouple (step 3) resulting in a reredution of the oxidized dye.
S+ + e− −→ S (0.3)
Upon this oxidation reation I
−
3 ions are formed whih arry the positive harge to the
ounter eletrode [14℄.
3I− − 2e− −→ I−3 (0.4)
It is generally assumed that within the nanorystalline grains (10 - 50 nm in size) there is
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no spae harge layer present, whih results in a missing built-in eld. Hene the injeted
eletrons are transported through the TiO2 partile lm by diusion (step 4) reahing the
uorine doped tin oxide layers (SnO2:F or FTO), whih is a transparent onduting oxide
(TCO). This eletrons reah the ounter eletrode through the external load and wiring
(step 5). At the ounter eletrode the I
−
3 ions are redued to I
−
, injeting the positive hole
to the platinized ounter eletrode (step 6) allowing for a losed urrent iruit
I−3 + 2e
− −→ 3I− (0.5)
In the equation above only the primary harge arrier speies are involved, i.e. eletrons in
the TiO2 lm and the redued and oxidized forms of the hole ondutor (I
−
/I
−
3 ).
Conerning the performane of the devie, the following energy levels are most important
(see Figure 0.1) [15℄:
• the HOMO of the dye
• the LUMO of the dye
• the Fermi level of the TiO2 substrate (EF )
• the ondution band edge of the TiO2 (ECBE)
• the redox potential of the eletrolyte (Eredox)
• the eletron levels of the eletrolyte (Ered and Eox)
Of essential relevane is the HOMO-LUMO energy gap (∆ELUMO−HOMO) and the energy gap
between the Fermi level of the TiO2 and the redox potential of the eletrolyte (∆EEF−Eredox).
The wavelength of absorbed photons is determined by the energy gap of the dye. The
maximum photovoltage is determined by and inreasing with ∆EEF−Eredox under illumination.
To assure eletron-transfer reations with optimal rate, the energy gaps ∆EEredox−EHOMO and
∆EELUMO−ECBE (or ∆EELUMO−EF for a degenerated TiO2 semiondutor) have to be suiently
large.
Although a lot of empirial studies have been performed with the goal to inrease the de-
vie eieny, there is still a lak of omprehension in terms of the omplex interplay at
the interfaes of the devie. This work emphasizes onto the interfaial interations within
the TiO2/RuL'2(NCS)2/eletrolyte salt/solvent using Synhrotron Indued Photoemission
Spetrosopy, whih provides information on eletron states and surfae (interfae) poten-
tials with highest surfae sensitivity.
Part I
Fundamentals
1 The TiO2/dye/eletrolyte interfae
This hapter summarizes all important aspets regarding the funtion of the working ele-
trode (TiO2/dye/eletrolyte). The alignment of the eletroni levels of the respetive
omponents and the formation of the eletrohemial double layer, whih is important
for the harge transfer kinetis, will be desribed. At the end the hapter loses with
a summary of the most important elds regarding the eorts within the sienti om-
munity how to improve the devie performane. Sine the sope of this work is on the
TiO2  RuL'2(NCS)2  I
−
/I
−
3 system and the interations within, it is essential to give an
introdution into the fundamental mehanism of ontat formation and eletron transfer
proesses. Due to the ompletely dierent working mehanism ompared to the onven-
tional p/n juntion ells, interfaial proesses are emphasized rather than bulk proesses
like in onventional solar ells [16, 17℄.
1.1 Alignment of eletroni energy levels
To ensure the funtion of the Dye Sensitized Solar Cell, the eletroni energy levels of the
respetive omponents have to be aligned in an adequate way (Figure 1.1).
Figure 1.1: A sheme showing the eletrohemial potentials of the respetive omponents in the
DSSC. For the dye values of the RuL'2(NCS)2 have been taken. On the right axis the eletron energy
levels in the dierent phases in the ell are given as measured eletrohemially (redox potential)
against the standard alomel eletrode (SCE)(after [16℄, not drawn to sale). On the left axis these
values have been onverted in an energy sale against the vauum level (ionization potential). The
Fermi level depends on the doping of the SnO2:F subsubstrate.
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Nazeeruddin et al. [18℄ measured redox potentials of RuL'2(NCS)2 against the standard
alomel eletrode (SCE) with yli voltammetry, and a value of 0.8 eV for the oxidation
potential of the HOMO level was obtained. Sine with yli voltammetry the metal work-
ing eletrode is sanned through a predened potential window in both diretions within
eah yle, harge transfers are indued in both diretions orresponding to an anodi and
athodi urrent. Sine the eletrohemial measurements by Nazeeruddin et al. [18℄ have
been performed under illumination, in the initial state the HOMO level misses one eletron
due to photoexitation. The situation is dierent in the ase of Photoeletron Spetrosopy,
where in the nal state the HOMO level is oxidized due to photoexitation.
The absorption threshold for RuL'2(NCS)2 adsorbed onto TiO2 is about 780 nm [18℄, whih
orresponds to the optial gap energy of 1.6 eV, whereas the maximum of optial absorp-
tion amounts to 535 nm [18℄ (2.32 eV). One has to take into aount, that upon optial
exitation a Frenkel exiton on one dye moleule is produed. The optial gap Eopt between
ground state (HOMO) and exited state (LUMO) of the dye is smaller by the amount of the
exiton binding energy [19℄ ompared to the transport gap Et , where a remaining harge on
the dye moleule auses a volume polarization. Compared to the gap EPES/IPES between
HOMO and LUMO measured by Inverse Photoemission (IPES) and Photoemission Spe-
trosopy (PES), the polarization of both HOMO and LUMO is smaller sine the moleules
measured are lose to or on the surfae and are also aeted by the surrounding solvent.
The band edge potentials of TiO2 (measured in aqueous eletrolyte of pH= 1 [16℄) and the
bandgap of anatase must align to the dye in a way, that the LUMO of the dye has a lower
eletron anity than the ondution band edge (CBE) of TiO2, whih is onsidered as a
driving fore for eletron injetion into the semiondutor.
A omparison with an Ultraviolet Photoemission Spetrosopy study aomplished by Snook
et al. [20℄ shows that the ionization potential for the HOMO energy (5.47 eV vs. Evac)
is similar to the value determined by yli voltammetry (5.59 eV vs. Evac). However this
study proposes an ionization potential of the TiO2 substrate in a way, that eletron injetion
from the LUMO level (the onset of optial absorption) into the ondution band of TiO2
seems not to be possible without overoming some barrier.
Dierent values for both the dye and the TiO2 ionization potentials were obtained by
Synhrotron Indued Photoemission Spetrosopy investigations of Westermark et al. [21℄.
The HOMO level was loated at an ionization potential of about 6 eV vs. Evac . In addition
the authors alloated the TiO2 band edges at 200meV lower ionization potentials (VBE
at 7.0 eV and CBE at 3.8 eV). In ontrast to Westermark et al. Liu et al. [22℄ found
higher ionization potentials at 7.4 eV for VBE and 4.1 eV for CBE. All authors assumed the
ondution band edge at the Fermi level beause of the assumption, that the Fermi level is
pinned at the ondution band edge [23℄.
One aim of this work is to investigate the alignment of the eletroni levels of the ompo-
nents of the TiO2/dye/eletrolyte interfae relative to eah other by means of Photoele-
tron Spetrosopy.
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1.2 The eletrohemial double layer
A potential dierene at the semiondutor/eletrolyte interfae is indued by harge sep-
aration (e.g. by eletron injetion, see Setion 1.3.1). The semiondutor beomes nega-
tively harged relative to the eletrolyte, and ations are attrated by Coulomb interation
to build up an eletrohemial double layer. The so alled Helmholtz model [24℄ is the most
simple model to desribe this double layer (Figure 1.2 a)) as given in ommon textbooks
on eletrohemistry [25, 26℄.
Figure 1.2: A sheme of the eletrohemial potential drop aross the semiondutor/eletrolyte
interfae (adapted from [27℄). The anions in the eletrolyte are drawn with a solvate shell (outer
irle). a) IHP is the inner Helmholtz plane due to strongly hemisorbed speies at the surfae of the
semiondutor and OHP is the outer Helmholtz plane due to the ounter ioni harges of solvated
ounter ions. b) The Stern model with the potential dierene ∆φr igid extending over the Helmholtz
double layer and the exponential potential deay ∆φdif f use ranging over the Gouy-Chapman double
layer.
The surfae plane of strongly adsorbed eletrolyte omponents on the semiondutor is de-
noted as the inner Helmholtz plane (IHP). The outer plane of ioni harge in the eletrolyte
is alled the outer Helmholtz plane (OHP). The Gouy-Chapman model [28, 29℄ takes the
eet of thermal motion of the ions in the solution into aount and suggests instead of
a rigid double layer like in the Helmholtz model a more diuse double layer. But neither
the Helmholtz nor the Gouy-Chapman model is a suient desription of the interfae.
The former overrates the rigidity of the double layer, whereas the latter underestimates its
struture. Therefore the two models where ombined in the Stern model [30℄ (1.2 b)), in
whih the ions lose to the interfae are onstrained into a rigid Helmholtz plane and in the
bulk of the solution the ions are dispersed like in the Gouy-Chapman model. The potential
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drop ∆φdif f use from the OHP into the solution is exponential and alled ζ-potential in the
literature.
Applying the onept of the Stern double layer qualitatively to the TiO2/dye/eletrolyte
interfae in the DSSC has been aomplished e.g. by Zaban and Gregg [17,31,32℄ (Figure
1.3).
Figure 1.3: A sheme of the eletrohemial potential drop from the semiondutor aross the
semiondutor/dye/eletrolyte interfae to the redox potential of the eletrolyte under negative
applied or photogenerated bias (from [32℄). The potential drop is dependent on the ation size in
eletrolyte solution. a) In the presene of small ations (e.g. Li
+
), the dye oxidation potential is
hardly aeted by hanges in the TiO2 potential. b) In the presene of large ations (e.g. 1-propyl-
3-methylimidazolium iodide (PMII)) the potential of the dye follows hanges of the potential of the
semiondutor.
It is well known, that the ondution band potential of oxide semiondutors hange 59mV
per pH unit (Nernst shift) [3335℄. The eletrohemial double layer in the interfaial region
is inuened by the ation speies in the eletrolyte and the dye adsorbed on the TiO2
surfae. Using the piture of a plate type apaitor for the Helmholtz double layer, where
the two Helmholtz planes represent the two plates of the apaitor, the dye lies outside
in the ase of small ation oadsorption on the TiO2 surfae (Figure 1.3 a)). Therefore
the dye is hardly inuened by any potential hange of the semiondutor. The opposite
situation is given by oadsorption of large ations, whih annot adsorb on the TiO2 surfae
beause they annot penetrate the dye layer due to their size (Figure 1.3 b)). Any relative
hange in potential of the semiondutor towards the eletrolyte hanges the slope of the
linear eletrial eld within the two apaitor plates. In the latter ase driving fores for all
ruial interfaial reations like photoinjetion of eletrons in the TiO2, transfer of the hole
to the ounter eletrode and reombination reations of eletrons with the oxidized ions in
the eletrolyte are determined by the semiondutor ondution band potential, the redox
potential and on the spatial extend of the potential at the interfaial region (double layer).
In this work, by oadsorption experiments of dye, eletrolyte salt and solvent, the eletroni
alignment within the working eletrode half ell needs to be eluidated. The size of the
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eletrohemial double layer an be varied by adsorbing eletrolyte salts with dierent ation
sizes.
1.3 Charge transfer proesses
The various eletron transfer proesses in the Dye Sensitized Solar Cell dier in orders
of magnitude with respet to their kinetis. Figure 1.4 shows that the desired eletron
transfers have muh higher rate onstants than the unwanted reombination reations,
whih is onsidered to be the reason for an eetive harge separation of the DSSC.
Figure 1.4: Shemati diagram of eletron
transfer proesses. The arrows pointing
left (blue) represent desired eletron trans-
fers, whereas the arrows pointing right (red)
represent unwanted reombination proesses
(adapted from [15℄, values taken from [36℄).
The kinetis of all harge transfer reations depend on the alignment of the eletroni
energy levels of substrate, dye and eletrolyte. By this present work it is attempted to
investigate the position of all relevant energy levels of the involved omponents. Photo-
eletron Spetrosopy is an appropriate method for this purpose.
1.3.1 Eletron injetion
As one of the fastest eletron transfer proesses observed in nature the eletron injetion
of photoexited eletrons in the ondution band of the TiO2 ours within pio- to fem-
toseonds (< 100 fs) [12,13℄. The rate onstant for eletron injetion kinj an be desribed
by Fermi's golden rule:
kinj =
(
4π2
h
)
|Mf i |2ρ(E) (1.1)
where Mf i = 〈ψf | V | ψi〉 is the matrix element, whih desribes the transition from
an initial state | ψi〉 to a nal state 〈ψf | due to the perturbation V . In this ase ρ(E)
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is the density of states in the ondution band and h the Plank onstant. Overall the
eletron injetion rate kinj depends on the overlap of the wavefuntions of the exited
state in the dye (LUMO) and the ondution band states of equivalent energy position in
the TiO2. Hene this transfer is ultrafast due to a strong oupling (bonding interation)
of the adsorbed RuL'2(NCS)2 dye to the TiO2 substrate (see Setion 2.2.2). Of ourse
the injetion proess strongly depends on the semiondutor with respet to the energeti
alignment of the ondution band edge to the LUMO of the dye. The large density of states
in the ondution band of TiO2 favours an ultrafast eletron transfer. The ondution band
edge energy an be lowered and therefore the injetion rate an be enhaned by adsorption of
ations on the surfae [37,38℄. Unfortunately a downward shift of the ondution band edge
enhanes not only the injetion rate, but also reombination reations. A biphasi eletron
injetion proess was disussed by Anderson et. al [13℄, whih onsists of two eletron
injetion paths with dierent rate onstants. Besides the ultrafast eletron injetion from
unrelaxed exited states in the dye another transfer proess from thermalized exited states
of the dye into the oxide was suggested, whih is muh slower and therefore not relevant.
The injetion time of RuL'2(NCS)2 on dierent semiondutor substrates (SnO2, ZnO and
In2O3) has been ompared with the injetion time on TiO2 [39℄. Due to the highest density
of aeptor states for the photoinjeted eletrons the injetion proess appeared to be the
fastest on TiO2. Therefore TiO2 is the best option today for sensitization with Ru omplex
derived dyes.
1.3.2 Dye reredution
Due to the oxidation of the dye by the eletron injetion proess the reredution of the dye
is neessary. Therefore the redox ouple I
−
/I
−
3 is employed and without it the dye would
just been reredued by reombination with the injeted eletron. The reredution of the
dye (Equation 0.3 and 0.4) an be summarized by the following sum reation:
S+ +
3
2
I− −→ S + 1
2
I−3 (1.2)
It an be divided into the following detailed reation steps [40℄:
S+ + I− −→ S + I• (1.3)
I •+I− −→ I2•− (1.4)
2I2•− −→ I−3 + I− (1.5)
I2•− + e− −→ 2I− (1.6)
Transient absorption spetra of the deay of the oxidized state of the RuL'2(NCS)2 dye
onduted by Montanari et al. [41℄ show a dependene of the yield of I2•− speies on
the onentration of the employed redox ouple. At lower onentration of the redox
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ouple (< 30mM) there is a kineti ompetition between the reredution of the dye by the
redox ouple and the injeted eletrons in the semiondutor. Employing higher eletrolyte
onentrations leads to a predominane of the reredution by the redox ouple. Also
the amount of dye overage on the TiO2 surfae is important. It was reported that at
higher overages than 0.3 monolayer of dye the inident photon-to-urrent eieny (IPCE)
and the absorbed photon-to-urrent eieny (APCE) showed an abrupt inrease [42℄. A
hopping mehanism of holes between the dye moleules has been suggested to explain this
behavior. The reredution of the dye is ruial for the ell performane, sine the oxidized
dye has a lifetime of up to 1 seond before it deomposes. But due to the ultrafast redution
one dye moleule an withstand up to 108 redox yles.
The eletron injetion and the dye reredution aomplish the harge separation in the Dye
Sensitized Solar Cell. The general nature of this harge separation is given by the geometry
of the dye and is denoted in literature as a vetorial harge transfer [1℄, whih is explained
in Setion 2.2.2. The adsorption geometry of the dye on the substrate and Fermi's Golden
rule are onneted: As long as the dye is adsorbed in the favorable geometry, the matrix
element of initial and nal state is large (Equation 1.3.1).
Therefore the orientation of the dye relative to the substrate surfae is of prime interest and
needs to be eluidated within this present work. Sine the dye has a distint and asymmetri
geometry, it is possible to detet the adsorption arrangement of the dye onto the substrate
surfae by SXPS experiments. This is possible by means of the respetive intensities of the
photoemission lines of the atoms within the dye moleule.
1.3.3 Eletron transport
The eletron transport in TiO2 has attrated a vast interest in the sienti ommu-
nity [4354℄ beause of its importane for the devie performane of the DSSC. Despite
of that a omprehensive model for eletron transport in the nanoporous TiO2 is still not
established. Sine in the semiondutor/eletrolyte interfae the harge density in the
eletrolyte is muh larger than the harge density in the semiondutor, this semiondu-
tor/eletrolyte interfae is onsidered being analogous to the semiondutor/metal ontat.
Thus in a onventional semiondutor/eletrolyte ontat with a at interfae [55℄ the po-
tential dierene is aommodated by band bending in the semiondutor forming a spae
harge layer.
But in the DSSC ontaining a nanoporous semiondutor, the situation ould be ompletely
dierent, if the following two preonditions are given: First eah partile of the highly porous
nanorystalline eletrode has ontat to the ambient eletrolyte (Fig. 1.5). Seond the
TiO2 semiondutor is intrinsi or only lightly doped. If these two preonditions math,
no substantial potential drop ours within the nanopartiles [1, 16℄. The high porosity of
the TiO2 eletrode prevents formation of a spae harge layer aross the thikness of the
semiondutor or even aross several partiles due to sreening by the ambient eletrolyte.
Sine lightly doped TiO2 nanopartiles are too small to aommodate a substantial potential
dierene, a spae harge layer within the semiondutor annot be formed [56℄. Aording
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to alulations the nanopartiles are only able to aommodate a potential drop of 50meV
between the surfae and the enter of a 10 nm partile radius of (lightly n-type) TiO2 [57℄.
In ontrast, our Synhrotron Indued Photoemission Spetrosopy experiments indiate
that the Fermi level of the TiO2 substrate is in the ondution band, thus the substrate
is highly n-doped (Fig. 6.10 right). Also the morphology of the nanoporous TiO2 does
not seem to be so porous that eah partile has ontat to the eletrolyte, as indiated by
Sanning Eletron Mirosope images (Fig. 6.3, page 84 and Fig. 6.5, page 86).
1.3.3.1 Sreening
Beause of the nanorystalline morphology of the TiO2 substrate, the liquid eletrolyte
penetrates the bulk of the oxide. This interpenetration of two biontinuous phases has
a multitude of onsequenes. It neutralizes all eletri elds, equilibrium or photoindued
[17℄ within 1 nm throughout the bulk and 15 nm at the substrate surfae. The TiO2
semiondutor and the eletrolyte have dierent ondutivities and polarizabilities, and for
the semiondutor they are highly dependent on external inuenes like light intensity and
energy. Hene the path of the photoinjeted eletrons varies with the illumination of the
DSSC, whih is desribed by a simple distributed resistor model in [58℄.
In addition to the marosopi eletrial sreening by the interpenetration of biontinuous
phases as explained above, there ours sreening of eletrons in the semiondutor by
ations in the eletrolyte (Figure 1.5).
Figure 1.5: The sreening of photoinjeted
eletrons in the nanorystalline TiO2 by the
ations in the eletrolyte solution implies,
that the eletrons reside lose to the sur-
fae of the oxide. Therefore surfae states
are ruial for the ondution mehanism of
eletrons in the TiO2. Also eletrons in the
TiO2 are ompensated by opposite harges
in the SnO2:F layer (adapted from [59℄).
Mobile ations in the eletrolyte and eletrons in the semiondutor are attrated by
Coulomb interations to eah other. Thus eletrons are loated lose to the surfae of
the nanoporous TiO2. The potential drop between eletrolyte and semiondutor ours
at the Helmholtz double layer (see Setion 1.2).
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1.3.3.2 Ambipolar diusion
Due to the absene of a built-in eletrial eld inside the eletron onduting TiO2 the
eletrons are moving through the nanoporous material by ambipolar diusion [6062℄. This
onept takes the mobility of both eletrons and ations into aount. The sreen harge
of the eletrons, i.e. the ations in the eletrolyte, move together with the eletrons in the
semiondutor as a neutral quasipartile aross the TiO2 surfae. As a onsequene the
role of surfae states may be important for the ondution mehanism in the nanorystalline
anatase substrate. Eletrons and ions are separated on a distane smaller than the size of
a nanorystalline TiO2 partile [48℄. A simplied ambipolar diusion oeient Damb de-
sribes quantitatively the transport of harges in the nanoporous semiondutor/eletrolyte
system [48, 61, 63℄:
Damb =
n + p
n/Dp + p/Dn
≈ Dn (1.7)
where Dp and Dn stand for the respetive diusion oeients of ations and eletrons
and p and n represent the onentration of ations and eletrons respetively. Due to the
muh higher ion onentration in the eletrolyte (p ∼ 1021 m−3) ompared to the eletron
onentration in the TiO2 (n ∼ 1018 m−3), the ambipolar diusion oeient Damb is
approximately the same as the eletron diusion oeient Dn.
1.3.3.3 Perolation
However eletron transport is strongly inuened by the lm morphology of the TiO2 semi-
ondutor. The area and number of the interonnetions of an anatase nanopartile to
other partiles play a keyrole in eletron transport dynamis. It was found by modelling a
string of partile spheres, that the smaller the area of interonnetions the slower is the
eletron transport through the material [50℄. The oordination number of individual par-
tiles, i.e. the average number of interonnetions, is determined by the lm porosity. It
was found that the average oordination number ranges from 2.2 at 80% porosity to about
4.5 at 50% porosity [64℄. There is a power law dependeny on the diusion oeient of
eletrons in the nanoporous material Dn of the dierene between a ritial porosity
1 Pc
and the lm porosity P :
Dn ∝ |Pc − P |µ (1.8)
with µ as the ondutivity exponent (0.82 ± 0.05). The ritial porosity was found to be
0.76 ± 0.01 [64℄. Additionally the length of the eletron path is inreasing by inreasing
porosity. In summary, eletron transport is enhaned with dereasing porosity of the lm.
1
Below the ritial porosity Pc there is at least one way through the entire material from one side to the
other side [65℄.
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1.3.3.4 Trapping/detrapping
The eletron transport depends strongly on the intensity of inident light, whih is due
to a broad distribution of traps in the semiondutor [66℄. This intensity dependene of
the eletron diusion oeient Dn reets the hange in the ratio of free to trapped
eletrons, while the quasi Fermi level rises up towards the ondution band. Therefore
eletron transport an be explained in terms of a multiple trapping model [44,46,67℄, where
the ambipolar diusion oeient is rising exponentially with the photogenerated eletron
density [48,52,61℄, whih was determined by measurements of the photoharge generated
by a laser pulse (transient photoharge measurements):
Dn ∝ n(1−α)/α (1.9)
where n is the photogenerated eletron density and α = kBT/mc (with 0 < α < 1) is the
dispersion parameter with mc as the average trap depth. To aount for the exponential
inrease of the diusion oeient with the photogenerated eletron density, an exponential
energy distribution of the trap states g(E) was dedued [52, 61, 6870℄:
g(E) = g0exp
(
α
E − Ec
kBT
)
(1.10)
with E as the trap energy, Ec the ondution band edge energy and g0 as a onstant.
The equivalene of the multiple trapping model to the random walk approah has been
shown [49℄. Due to thermalization of eletrons they are trapped in energy distributed trap
states and upon light illumination detrapped to the ondution band again (see Figure 1.6).
The driving fore for the transport of eletrons through the material from the dye sen-
sitized surfae to the SnO2:F eletron olleting eletrode, whih is the prerequisite for
the diusion mehanism, is the onentration gradient of eletrons inside the material. It
might be possible, that the onentration gradient results in a buildup of an eletrial eld
aross the TiO2 layer [72℄. A diret evidene for the trapping of eletrons in trap states
in the nanoporous TiO2 upon light illumination omes from measurements in whih harge
is extrated in the dark [73, 74℄. The spatial distribution of these trap states has been
investigated, and although it has not been proven diretly they have been attributed as
surfae states [75℄. However, the role of these surfae states for the devie performane
is still unlear. Some groups state that the trap relaxation is muh faster than the rate for
the harge transfer to I
−
3 ions [54, 71, 76℄. This is in ontradition to the ndings of other
groups, whih onsider the reombination with I
−
3 as the predominant proess ompared to
trap relaxation [53,77℄. But a ommon assertion of these groups is that reombination and
trapping of eletrons ompete with eah other.
In ontrast to the attribution of surfae states being possible reombination enters [76,78℄,
a beneial eet of surfae states for the ondution of eletrons in the TiO2 semion-
dutor was reported [79, 80℄. It was observed that upon UV light illumination the short
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Figure 1.6: The trapping/detrapping and reombination mehanisms of eletrons inside the
nanoporous semiondutor over one nanopartile (adapted from [71℄). The Fermi level in the dark
is denoted with EF0, whereas under light illumination EFn is the quasi Fermi level. The driving
fore for diusion is the onentration deay of eletrons towards the SnO2:F eletrode. EC stands
for the ondution band minimum of the semiondutor and Eredox for the redox potential of the
eletrolyte. (A) Eletron photoinjetion from exited dye moleules; (B) Eletron transport through
deloalized ondution band states; (C) Eletron apture and release at an exponential distribution
of loalized trap states; (D) Eletron transfer to an adjaent nanopartile; (F) Eletron apture by
surfae states; (G) Eletron bak reation through surfae states.
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iruit urrent density inreases dramatially (up to 45 times). Most likely this is due to a
reversible prodution of surfae state density in the TiO2 semiondutor. It was interpreted
in a way, that a large enough density of surfae states auses a motion of eletrons through
sub-bandgap states below the ondution band [80℄. This UV-indued eet ours only
in the presene of non-adsorbing big ations like TBA+ and is inhibited by small adsorbing
ations like Li+ due to a surfae modiation of the TiO2 [17℄.
Although trapping/detrapping is onsidered being the predominant transport mehanism
in the devie operation of the DSSC, there ours nonthermalized eletron transport (hot
eletrons) as well when light enters the ell through the substrate (normal devie operation)
[52℄. A fration of eletrons are olleted at the eletrode before they an thermalize with
traps inside the oxide. Nevertheless overall the transport in the DSSC an be desribed by
trap limited ambipolar diusion on perolation paths.
An aim of this Photoeletron Spetrosopy study is to investigate, how these trap states an
be inuened. Sine it is assumed, that these trap states arise also from oxygen vaany
states at the substrate surfae (Setion 2.1.4), the behavior of these traps have to be
investigated in the presene of all involved adsorbates at the working eletrode.
1.3.4 Charge reombination proesses
Reombination proesses in the Dye Sensitized Solar Cell are related to reations of pho-
toinjeted eletrons in the nanoporous semiondutor with oxidized ions, loated in the
eletrolyte or oxidized dye moleules at the TiO2 surfae. In addition olleted eletrons
in the SnO2:F subsubstrate an reombine with oxidized eletrolyte ions, if the SnO2:F
surfae is not overed ompletely with a dense layer of TiO2. Charge reombinations are
loss proesses, the subjet of ongoing researh is to nd ways to minimize them as muh
as possible [81℄.
1.3.4.1 Dark urrent
Sine the reation, whih ontributes for the dark urrent, is of seond order, it is a very
slow reation with a rate onstant of seond magnitude. The net reation is desribed by
I−3 + 2e
− (TiO2) −→ 3I− (1.11)
and involves the detailed reation steps
I−3 −→ I2 + I− (1.12)
I2 + e
− −→ I2•− (1.13)
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The 2I2•− radial an reat in dierent ways, depending on whether the radial reats with
another same radial [76, 82℄
2I2•− slow−→ I− + I−3 (1.14)
or takes up an additional eletron from the TiO2 [68, 83℄
I2 •− +e− slow−→ 2I− (1.15)
Despite of its slow kinetis these eletron transfer proesses are responsible for the dark
urrent of the Dye Sensitized Solar Cell.
1.3.4.2 Bak eletron transfer (BET)
In ontrast to the eletron injetion into the TiO2 the muh slower reombination of in-
jeted eletrons with oxidized dye ations our on the order of miro- to milliseonds.
Nevertheless this proess is muh faster ompared to the dark urrent. The so alled
bak eletron transfer (BET) [84, 85℄ is muh slower than the eletron injetion due to
the adsorption geometry of the moleule on the substrate, whih is desribed in detail in
Setion 2.2.2. HOMO and LUMO of the dye are loated on dierent spatial positions on
the moleule (see Setion 2.2.1). Unlike the LUMO the HOMO is pointing away from the
TiO2 substrate. Hene eletrons must tunnel a muh longer distane for the bak eletron
transfer ompared to eletron injetion. Overall the BET is even onsidered being negligible
in a normal DSSC employing the I
−
/I
−
3 redox ouple [77,86℄ due to a very fast reredution
of the dye by the redox ouple.
In order to onrm, that the BET does not aet the devies performane signiantly,
the favorable orientation of the dye moleule onto the substrate needs to be evidened by
Synhrotron Indued Photoemission Spetrosopy.
1.4 Ongoing development of the DSSC
To get the Dye Sensitized Solar Cell to a level suitable for a produtive and long term stable
solar energy onversion ell, a ouple of problems must be solved. The most important prob-
lem is also the most obvious one onerning the manageability of a liquid solar ell. Sine
the DSSCs, whih reah high eienies, employ a liquid eletrolyte, this hole ondutor
dries out easily due to the high vapor pressure of ommonly used solvents (e.g. aetoni-
trile). Many attempts have been undertaken to develop a solid hole ondutor [8791℄ or
a polymer gel eletrolyte [92, 93℄, but the eienies are muh lower than in the ase of
a liquid eletrolyte. Of ourse the harge transport is muh lower in a polymer gel and a
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solid state hole ondutor. But also the interpenetration of semiondutor and eletrolyte
is strongly redued [94℄, whih aets the funtionality of the ell.
Also the interfaial reombination kinetis and attempts of keeping it as low as possible
is subjet of ongoing researh [81℄. The TiO2 substrate was oated with a metal oxide
bloking layer of Al2O3 to minimize reombination reations [95℄.
Another interesting approah to improve the ells performane is to derease the trans-
port distane of eletrons throughout the TiO2 towards the eletron olleting SnO2:F
subsubstrate. This is done by extending the SnO2:F into the nanoporous material [96℄.
Of ourse, these few examples of ative researh areas do not over the entire huge eld of
the ongoing development of the DSSC. There are a lot more features of the DSSC to be
improved. But overall, sine the idea of sensitizing nanoporous TiO2 in 1991 by O'Reagan
and Grätzel [6℄, whih improved the ell eieny enormously ompared to at substrates,
a real breakthrough is missing. A ritial assessment by Tributsh of the learning urve of
the DSSC ompared to lassial rystalline and thin lm solar ells reveals a muh slower
progress in improving the eieny of DSSCs with time [97℄. The author's feeling about the
future of the DSSC is that only small empirial steps like in the development of photography
will be possible due to the large number of interdepending parameters aeting the overall
ell performane.
In this work one goal is to investigate the adsorption geometry and bonding of the dye
depending on its environment. As the vetorial harge transfer is neessary to provide a
fast harge separation, the spatial arrangement of the eletroni states of the dye depending
on the dye moleule orientation is ruial for the performane of the DSSC.
2 The investigated omponents of the Dye Sensitized
Solar Cell
In this hapter the respetive omponents of the Dye Sensitized Solar Cell are desribed in
detail with respet to their material properties and relevane in devie operation. Beginning
with the substrate, the thermodynami stability of the dierent polytypes of TiO2 and their
surfaes are evaluated, sine the rystalline phases have dierent eletron mobilities, whih is
ruial for the performane of the DSSC. A desription of the nanorystalline morphology
of anatase as the most thermodynami stable phase is given. Also the eletroni and
rystalline struture of the surfaes are presented. Furthermore surfae defets on anatase
are reported, beause they are addressed to be a possible reombination path in the ell.
The sensitizing N3 dye is desribed with respet to its moleular and eletroni struture,
emphasizing the distint eletroni and spatial onguration of the HOMO and LUMO level.
Thus its adsorption geometry and anhoring mehanism turns out to be very important.
A detailed report on the eletrolyte and its omponents is given fousing on solvation
properties, beause they hange the eletroni energy levels by reorganization enthalpy
terms. Being essential for the solventsubstrate interfae the adsorption mehanisms of
the solvent moleules are desribed.
2.1 The TiO2 substrate
Titanium dioxide is one of the most widely investigated single rystal system within the
eld of metal oxide surfae siene [98℄. This is beause of its vast variety of appliations:
Besides its utilization as an eletron ondutor in the DSSC, as desribed in this work, it
is also used in heterogeneous atalysis, as a photoatalyst (e.g. for hydrogen prodution),
as a gas sensor, as a pigment in wall paint and osmetis and as a oating material for
protetion against orrosion and for optial appliations. Furthermore it is disussed as
a material for gate insulators, as a spaer material in magneti spin-valve systems, for
lithium based batteries, for eletrohromi devies and it plays an important role for the
bioompatibility of bone implants [98℄.
2.1.1 Crystal phases and surfaes
Titanium dioxide rystallizes in three major rystal strutures at normal pressure (poly-
morphs): rutile, anatase and brookite, but only rutile and anatase play an important role in
the appliations of TiO2 (Figure 2.1). In 1916 the rystal struture of anatase and rutile
were rst desribed by Vegard [99℄ and later redetermined in order to get struture data
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Figure 2.1: The rystal strutures for the three TiO2 polytypes with unit ell shown (drawn to
sale, values taken from [100℄). The basi buildup units are distorted [TiO6℄
2−
otrahedra, where
titanium atoms are oordinated by 6 oxygen atoms. These otrahedras share both orners and edges
in all three strutures. a) The anatase struture with the unit ell dimensions of a = b = 3.784
Å, c = 9.515 Å (the lengths of the unit ell a, b and c are in [100℄, [010℄ and [001℄ diretion
respetively). b) The dimensions for the unit ells are for rutile a = b = 4.594 Å, c = 2.959 Å.
) For the orthorhombi struture brookite the unit ell measures a = 9.184 Å, b = 5.447 Å and
c = 5.145 Å.
with higher auray [100℄. Both rutile and anatase have tetragonal symmetry, but dierent
spae groups (anatase: I41/amd, rutile: P42/mnm). Unlike anatase and rutile, brookite
has orthorombi symmetry (spae group Pba).
The average TiO bond length rises in the order rutile < brookite < anatase, whih makes
rutile the most and anatase the least dense TiO2 rystal struture. The arrangement of the
[TiO6℄
2−
building units in the anatase struture leaves open hannels parallel to the -axis,
whih promotes interalation e.g. of small ations like Li
+
[101103℄. Thus the interalation
of lithium ations into the TiO2 substrate is faster for the (001) surfae ompared to the
(101) surfae, beause of the smaller surfae density and open hannels along the rystal
caxis.
The rystal modiation anatase has a higher eletron mobility (µ=10 m2/(Vs)) ompared
to rutile (µ=1 m2/(Vs)) [98,101℄, whih makes anatase superior for Dye Sensitized Solar
Cells. TiO2 is a semiondutor having a wide diret bandgap (anatase: Eg = 3.2 eV
[101, 104℄ and rutile: Eg = 3.0 eV [101, 105℄), thus being transparent for visible light for a
defet free rystal.
The anatase rystal struture is shown in detail in Figure 2.2. It may be derived from the
NaCl prototype lattie by removing half of the Ti atoms in order to get the stoihiometry
of TiO2.
The formation energy for the rystal surfaes (Table 2.1) were alulated by Lazzeri et al.
for anatase [107℄ and by Ramamoorthy et al. for rutile [108℄ aording to the Loal Density
Approximation (LDA).
For anatase the (101) surfae is the thermodynamially most stable surfae followed by
the (100) and (001) surfae. Although the (100) surfae should be quite stable, it does
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Figure 2.2: left: The anatase unit ell de-
rived from the NaCl lattie [106℄. The
oxygen atoms are displaed slightly ausing
the distortion of the [TiO6℄
2−
otahedra.
The dotted spheres represent removed metal
atoms from the NaCl struture. right: The
[TiO6℄
2−
showing the TiO distane and the
angles between the bonds [98℄. A lear de-
viation from a 90
◦
bond angle exists. The
TiO bond length varies: 2 bonds are slightly
longer than the remaining four in the oor-
dination otahedron.
Anatase Rutile
surfae [hkl℄ (101) (100) (001) (110) (100) (101) (001)
formation energy [J/m2℄ 0.84 0.96 1.38 0.84 1.06 1.31 1.56
Table 2.1: The surfae formation energies in J/m2 for relaxed, unreonstruted TiO2 surfaes
aording to the Loal Density Approximation (LDA). The values for rutile are onverted from [108℄
and for anatase are taken from [107℄.
not appear in rystals (Figure 2.3 a)), but is observed in powder materials. It has been
shown that the (100) surfae undergoes a (1 × n) reonstrution [109℄, whih is explained
by mirofaeting forming (101) surfaes [110℄. The (001) surfae shows a (1 × 4) reon-
strution [111℄.
For rutile the (110) surfae is the most stable surfae, followed by (100), (101) and (001).
As being omparably unstable the (001) surfae does not exist in the equilibrium shape of
rutile (Figure 2.3 b)). The equilibrium shapes resemble losely the shape of minerals of
anatase and rutile found in nature (Figure 2.3 ) and d)).
Experimental evidene of the alulations desribed above has been provided. Indeed, the
(101) surfae is the most frequently exposed surfae followed by the (100) and (001)
surfae for anatase nanopartiles aording to Transmission Eletron Mirosopy (TEM)
Measurements [112℄.
The (101) anatase surfae onstitutes more than 94% of the entire anatase rystal surfae
ompared to the presene of about 54% of the (110) surfae of the rutile rystal surfae.
The average surfae energy for a marosopi rystal onsists of the sum of the energies
of the exposed surfaes weighted with the orresponding surfae area as given in the Wul
onstrution. Thus the average surfae energy for anatase (0.90 J/m2) is about 20% lower
than for rutile rystals (1.09 J/m2) as follows from LDA alulations [107℄. One an dedue
that espeially for small rystal sizes like in nanopowders, where the surfae energies play
a big role ompared to bulk properties, nanopartiles are more stable being in the anatase
phase.
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Figure 2.3: The equilibrium shapes of both
anatase and rutile aording to the Wul on-
strution (with values of Table 2.1) om-
pared to minerals found in nature. a) In the
anatase rystals, only the two surfaes (101)
and (001) are exposed to ambiene [107℄. b)
Rutile rystals show more surfaes, namely the
(110), (100) and (011) surfae [108℄. ) Pho-
tograph of an anatase mineral [98℄ and d) ru-
tile mineral [113℄.
This onlusion is supported by several studies about the phase stability being a funtion
of the partile size by experiments [114℄ and theory [115,116℄. Zhang et al. found anatase
being stable below partile diameters of 14 nm, whereas Barnard et al. alulated values
of 2.6 nm. In addition alulations [117℄ and experimental results obtained by alorimetri
measurements of the phase stability show the ourrene of the three polytypes in depen-
dene of the surfae area [118121℄(Fig.2.4). Not only the surfae area (and therefore the
partile size), but also impurities on the surfae inuene the phase stabilities of the titanium
dioxide polymorphs. Barnard et al. alulated, that for a omplete surfae hydrogenation
of TiO2 the anatase phase is stable up to partile diameters of 23.1 nm [115, 116℄.
Figure 2.4: The phase stability of TiO2 in de-
pendene to the exposed surfae area [120℄.
The thik line assigns the energetially most
stable regions. Assuming spherial partile
shape the average partile diameters (200 nm
and 30 nm respetively) are indiated at the
intersets of the phase stabilities.
Like shown in the graph, the anatase phase is energetially more favorable than rutile and
brookite with rising surfae area. All in all one an onlude that the onvenient onditions
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of anatase phase stability for nanopartiles ombined with the superior bulk properties of
the anatase phase are important fators of employing anatase nanopowders in the DSSC.
Due to the fat, that the (101) surfae is the most prevalent surfae for anatase, in the
following only this surfae will be onsidered. This surfae looks very orrugated like a
sawtooth prole (Fig.2.5) and onsists of OTiO double hains along the [010℄ diretion.
Figure 2.5: The anatase (101) surfae (after [122℄). left: Side view indiating the (101) plane
(retangle). right: Magnied area viewing titanium and oxygen atoms with dierent oordination
numbers. For a detailed explanation see text.
Within these hains the titanium atoms are in vefold (5) or sixfold (6) and the oxygen
in threefold (3) oordination, whereas these hains are onneted by twofold (2) oordi-
nated oxygen atoms. 50% of 5 and 6 Ti atoms and 50% of 2 and 3 oxygen atoms,
respetively, are present at the (101) surfae. Lower oordinated Ti atoms (fourfold oor-
dination (4)) reside at step edges and it was found by STM measurements, that they are
preferred adsorption sites [109, 122, 123℄. Upon relaxation the 2 oxygen and 5 titanium
atoms relax 0.06 Å and 0.17 Å into bulk diretion, whereas the 3 oxygen and the 6 tita-
nium atoms move 0.21 Å and 0.11 Å out of the surfae [124℄. In a detailed report of steps
on anatase (101) [122℄ it was found that the reativity of the loal struture of the step is
similar to the reativity of the orresponding extended surfae. In some ases this has the
astonishing onsequene that the step reativity is lower than that of the at surfae.
This model of the oordination of titanium and oxygen atoms holds not only for an ideal
(101) single rystalline anatase surfae, but also for nanorystalline anatase. There is a
orrelation between the oxidation state and oordination of an atom. An underoordinated
titanium atom (5-Ti and lower oordinated Ti) is in a more redued state relative to
the fully oordinated 6-Ti, whih is Ti
4+
. The equivalent is the underoordinated oxygen
(2-O), whih is in a more oxidized state ompared to the fully oordinated 3-O.
2.1.2 Shape of nanorystalline rystallites
As already mentioned in the introdution (page 13) the anatase partiles must be nanorys-
talline in their appliation in the Dye Sensitized Solar Cell. The nanorystallinity of the
anatase partiles ensures a large dye uptake due to a large surfae area. As a onsequene
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the light absorption by the dye sensitized TiO2 eletrode inreases by several orders of mag-
nitude ompared to a at dye sensitized single rystal surfae. The anatase nanopartiles
are of spherial shape as shown in Fig.2.6.
Figure 2.6: An SEM mirograph of
nanorystalline TiO2 whih was made by
sintering a olloidal paste from Solaronix
SA at 450
◦
for 30min (from [125℄). The
partile size ranges from 30 - 40 nm.
The partile size and the interonnetion of the spherial partiles are inreased with the
alination temperature [126, 127℄. The dark resistivity of nanoporous anatase (10
8
-
10
10Ωm) [40℄ is muh higher than the one of rutile and anatase single rystals (∼
10
3Ωm) [128℄ due to enhaned eletron sattering and potential barriers at grain bound-
aries. Hene the ondutivity is inreased with the partile size [129℄. Also the enormous
surfae area of TiO2 nanopartiles implies a high density of surfae defets, whih hanges
the ondutivity. Although defets are usually responsible for a derease of ondutivity in
onventional solar ells, in the DSSC this seems to be not the ase.
2.1.3 Eletroni struture
The TiO bonding, whih mostly involves O 2p and Ti 3d atomi orbitals, has a strong ioni
harater. Thus the partial density of states are dierent for valene band and ondution
band involving dierent ontributions of the O an Ti atomi orbitals.
In the valene band spetrum measured with Ultraviolet Photoemission Spetrosopy (Fig.2.7
a) at top) one an see a strong emission, whih is attributed predominantly to the O2p
orbitals (BE from around 10 eV to 3.6 eV). This emission an be divided into a nonbonding
(BE=5.4 eV) and a bonding state (BE= 8.2 eV) [131, 132℄. In the bandgap a omparably
weak Ti 3d ontribution is loated at a binding energy of around 1 eV (Fig.2.7 a) top)). The
alulated partial density of states (pDOS) (Fig.2.7 a) at bottom) display the respetive
ontribution of the atomi orbitals to the moleular orbital struture. In the valene band
the pDOS amounts 75% for O 2p states and 25% for Ti 3d states, whereas the ondution
band is mainly of Ti 3d nature (90%), and the ontribution of O 2p states is small with
10%. This pDOS alulations mathes quite well with the experimental data. Due to a
shortoming of the LDA to underestimate the band gap of the alulated material it turns
out to be only 2 eV instead of the literature value of 3.23 eV. A more reent alulation [133℄
takes the on-site Coulomb interation due to the strong loalization of the d-orbitals into
aount and results in a band gap value of 3.18 eV, whih is almost the same as the ex-
perimental value [101, 104℄. Overall, aording to the ioni harater of TiO2 the valene
band is derived mainly from O2p states and the ondution band originates mainly from
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Figure 2.7: Calulations on the total and projeted density of states (DOS) and the moleular
orbital bonding struture of anatase (101) (modied from [130℄). a) A valene band photoemission
spetrum (top) ompared to the projeted density of states of the dierent TiO2 moleular orbitals.
The band gap has been orreted from 2 eV to 3.2 eV. b) An energy sheme of the moleular orbitals
of TiO2 showing strong (solid lines) and weak interations (dashed lines) between atomi orbitals.
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Ti 3d states. Hene the valene orbitals are mainly assoiated with O
2−
ions, whereas the
ondution band states are mainly assoiated with Ti
4+
ions [40℄. In the ase of band gap
exitation eletron density is shifted from oxygen to titanium sites.
The interation of the atomi orbitals of the anatase is displayed in the moleular orbital
bonding diagram (Fig.2.7 b)). The upper valene band an be divided into three regions: the
σ bonding in the lower part, a middle and a higher π bonding region reahing to the valene
band maximum. Due to symmetrial reasons (distortion of the [TiO6℄
2−
otahedrons),
not hybridized nonbonding moleular orbitals are loated near the band gap, namely the
O ppi orbital at the valene band maximum (VBM) and the Ti dxy orbital at the ondution
band minimum (CBM). The rest of the ondution band states is of antibonding harater,
mainly derived from Ti 3d and Ti 4s atomi orbitals.
Resonant Photoeletron Spetrosopy (ResPES; see Setion 3.1) experiments have been
onduted by Thomas et al. [131,134℄ to investigate the hybridization of eletroni states.
The exitation energy was varied from 4080 eV, whih is around the Ti 3p −→ Ti 3d
resonane. Resonane of spetral features is attributed to a strong TiO hybridization
[130,135,136℄. By this tehnique the orretness of the moleular orbital bonding diagram
(Fig.2.7 b)) has been onrmed. Furthermore the gap states ould be attributed to Ti 3d
states.
2.1.4 Defets
In the binary titanium-oxygen system a lot of phases with dierent stoihiometries exist [98℄.
Consequently a TiO2 single rystal an be redued easily e.g. upon annealing in vauum.
Annealing results in bulk defets, where eletrons are loated in an anion vaany (olor
enters), whih are apable to absorb visible light, thus hanging the olor of an initially
transparent single rystal.
Unlike in single rystals, bulk defets beome less important in nanosopi anatase, but
defets at the surfae gain more signiane. Therefore in the following only surfae defet
states are presented. Step edges on anatase are onsidered being the most ommon intrinsi
defet yielding in fourfold oordinated 4 titanium. In addition it is expeted that the 2
oxygen atoms an be removed easily upon annealing in UHV, whih gives rise to point
defets playing an important role in the surfae siene of TiO2. In a STM study the
point defets ould be observed on the anatase (101) surfae [123℄ and assigned to oxygen
vaanies [122℄. Aordingly this oxygen deienies were observed on rutile (110) single
rystals [137℄.
It has been shown by Hengerer et al. [138℄, that upon sputtering the anatase phase at the
(101) and (001) surfae an be hanged even to TiO beause of preferential sputtering
of oxygen atoms. In the ase of the (101) surfae the anatase phase ould be restored
ompletely at the surfae without exposure to oxygen. This is due to point defet diusion
into the bulk either by oxygen vaany or titanium interstitial diusion. In ontrast for the
(001) surfae exposure to oxygen was needed.
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To get more insights into the hange of the eletroni struture of anatase due to sur-
fae defet reation Photoeletron Spetrosopy (PES)(Setion 3.1) is used as a powerful
surfae sensitive tool [22,139,140℄. In a study of nearly defet free and defet rih nanorys-
talline anatase samples formed by Ar ion sputtering (Fig.2.8), both X-ray Photoemission
Spetrosopy (XPS) and Ultraviolet Photoemission Spetrosopy (UPS) was applied to in-
vestigate hanges in oxidation state and valene band struture as well [22℄. It has to be
mentioned that UPS measurements with an exitation energy of hν = 21.2 eV is not as sur-
fae sensitive as Synhrotron Indued Photoeletron Spetrosopy used in this work. Hene
the assignment of the unsputtered anatase being nearly defet free might be doubtful.
Figure 2.8: Photoemission spetra ourse of nanorystalline anatase displaying sputtering eets
[22℄. a) X-ray Photoemission Spetrosopy(XPS) of the ore levels Ti 2p and O 1s reveals dramati
hanges with proeeding sputtering time. The arrows mark whether a feature gains intensity or
dereases in intensity. b) By Ultraviolet Photoemission Spetrosopy (UPS) the reation of gap
states formed by sputtering is shown (see inset).
The titanium Ti 2p ore level spetra (Fig.2.8 a)) for the untreated TiO2 show two emission
lines of Ti 2p3/2 at 459.4 eV and Ti 2p1/2 at 465.1 eV showing a spin orbit splitting of 5.7 eV.
This emissions an be unambiguously assigned to the Ti
4+
oxidation state. With inreased
sputtering additional peaks appear at lower binding energy (Ti 2p3/2 = 457.5 eV and Ti 2p1/2
463.2 eV) being attributed to Ti
3+
states. At longer sputter exposure time Ti
2+
states
an be observed as well at even lower binding energies (Ti 2p3/2 = 455.6 eV and Ti 2p1/2
461.3 eV). Generally the redued Ti 2p omponents were observed throughout literature [98,
102,131,139,141143℄. The oxygen O1s emission line onsists of three omponents: One
main emission line being assigned to bulk TiO2 at 530.6 eV, and two smaller ontributions
being loated as a wide shoulder at higher binding energies. A omponent at 531.5 ±
0.5 eV is attributed to bridging oxygen (2-O) and at 533 eV due to OH adsorption. The
relative intensity of the O1s emission dereases, whih indiates learly that upon sputtering
oxygen is removed preferentially. Figure 2.8 b) shows the formation of band gap states (BE
∼ 0.8 eV) in UPS. Sine the formation of the band gap states omes along with an intensity
derease of the O1s emission line (Fig.2.8 a) right), one an orrelate these band gap states
to oxygen vaanies.
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The existene of these oxygen vaanies and their orrelation to oupied Ti 3d states has
been proved in several publiations [98, 131, 134, 140, 142, 143℄. The reation of oxygen
vaanies an be desribed by
TiO2 −→ TiO2−x + xVO + 1
2
xO2 (2.1)
where VO represents an oxygen vaany and x the fration of oxygen vaanies in the
material. The amount of oxygen vaanies an be ontrolled by the exposure to oxygen
[131℄.
Unlike these band gap spetra, published results by Westermark et al. [21℄ and the results
in this work (Page 94 Fig.6.10) show additional band gap states just below the Fermi level,
referred to as T i3d < EF states. Their origin is not yet laried. These states have not
been observed on single rystalline anatase [131℄. They might arise from the Ti dxy orbitals,
whih are not hybridized.
The role of defets for the performane of the DSSC is still under debate. It is widely
aepted, that defet states (surfae states) within the gap at as reombination sites [48,
76,78,144,145℄, thus playing a detrimental role for the DSSC. It it assumed, that eletrons
an reombine with the oxidized I
−
3 speies of the eletrolyte . But some publiations state
that photoexitation by UV light illumination produes surfae states, whih are beneial
for eletron transport [17, 80℄, if the density of these surfae states is suiently large.
The ondution band is shifted to higher binding energies, whih inreases the driving fore
for eletron injetion from the dye into the TiO2. Depending on the sensitizing dye, the
inrease in eieny of the DSSC ranges from two to 45 orders of magnitude [79℄.
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2.2 The N3 Ru dye
For eiently sensitizing wide bandgap semiondutors like anatase, it is neessary to em-
ploy a dye extending the inident photon to urrent eieny (ICPE) into the visible and
near infrared solar spetrum (Fig.2.9). The IPCE is the number of eletrons generated in
the external iruit divided by the number of inident photons depending on the exitation
wavelength. Another very important feature of the dye is a high stability in the oxidized
state (see Setion 1.3.2). In partiular ruthenium (II) omplexes have been applied largely
for dye ells. This is due to the following reasons [146℄: At rst, the otahedral geometry
of Ru omplexes allows to attah ligands in a ontrolled way for tuning the dye towards de-
sired (photo)physial and hemial properties in a preditable way. Seondly, the oxidation
states from I to IV are stable within the metal omplex. Besides that the dye is suitable for
anhoring on the TiO2 surfae (Setion 2.2.2) and ensures an ultrafast eletron injetion
into the semiondutor (Setion 1.3.1).
Figure 2.9: The IPCE as a funtion of
the inident photon wavelength (from [10℄).
For omparison the unsensitized TiO2 is also
shown.
The most widely used sensitizer in the DSSC is the dye RuL'2(NCS)2 (Ru
II
(2,2'-bipyridine-
4,4'-diarboxylate)2(NCS)2), being referred to as N3 in the following. The Ru dye N3
is still among the stable dyes leading to highest eienies in the DSSC [18℄. The N3
dye is only outperformed in eieny by the blak dye (Ru
II
(4,4',4-triarboxy-2,2':6',2-
terpyridine)(NCS)3), whih pushes the absorption onset of light 100 nm further into the
infrared region. Researh has been extended to dye omplexes with dierent entral metal
atoms [147℄, but the Ru omplexes are still preferred, beause of the ease of tunability of
these omplexes. Also dierent ligands have been investigated [148℄.
2.2.1 Moleular and eletroni struture
Aording to rystal eld theory in an otahedral metal omplex the d-orbitals of the Ru
entral atom split into degenerate t2g (dxy , dxz , dyz) and eg (dx2−y2, dz2) sets of orbitals. In
the Ru N3 dye the Ru atom is oordinated by two bivalent bipyridine and two monovalent
thioyanate (SCN) ligands (Fig.2.10 a)). The oordination otahedron is slightly distorted
[149℄.
On the N3 dye moleule the HOMO and LUMO orbitals are spatially separated from eah
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Figure 2.10: The RuL'2(NCS)2 moleule, also known as the N3 dye . a) Model of the moleular
struture showing the dierent atoms within the moleule. b) The alulated HOMO and ) LUMO
orbital surfaes [9,150℄.
other [9, 150, 151℄. One an see that the HOMO of the dye is mainly loated on the
thioyanate group, whereas the LUMO is spread over the π-eletron system of the bipyridine
ligands.
Figure 2.11: Eletroni sheme of the mole-
ular orbitals reated by metal and ligand atomi
orbitals. In this sheme possible transitions are
indiated by arrows (adapted from [146℄).
A deeper understanding of the photophysis of the dye an be obtained by an eletroni
energy diagram of the dye (Fig.2.11). Three exited states exist in these metal organi
omplexes leading to four possible harge transitions: The rst is metal entered (MC),
whih is due to an exitation of an eletron from t2g to eg states. The seond is ligand
entered (LC) beause of a π → π∗ transition. The third one is originating from a metal
to ligand harge transfer (MLCT). Overall the two latter transitions are most relevant
for devie operation, sine they ontribute to the vetorial harge transfer. The MLCT
transition stands for the optial exitation of an eletron from the HOMO level to the
LUMO by inident light. In other words, the light absorption is desribed by this type of
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harge transition within the moleule. The fourth harge transition is due to a ligand to
metal harge transfer (LMCT). The LMCT is not disussed for the RuL'2(NCS)2. The
t2g states are alloated as the HOMO of the dye and therefore oupied. Thus eletrons
annot be exited into the t2g states.
Detailed density funtional theory (DFT) alulations of the respetive eletroni ground
and exited states of the N3 dye moleule have been aomplished [152154℄. Moreover
time dependent density funtional theory alulations on the eletroni states and their
dependene on protonation were onduted [155, 156℄. In Ref. [156℄ the line up with the
band edges of a model TiO2 nanopartile onsisting of a Ti38O76 luster (from Ref. [157℄)
exposing anatase (101) surfaes is alulated. By dereasing protonation of the dye the
HOMO and LUMO energy move towards the vauum level, while the distane between both
levels inreases. This inrease of the gap between HOMO and LUMO leads to a blue shift
observed in optial absorption spetra [158℄. For a protonated dye upon adsorption the
anhoring arboxyli groups deprotonate and donate their proton to the semiondutor
harging it positively. This might lead to a downward shift of the Fermi level (Nernst shift;
see Setion 1.2) [3335℄ and enhanes eletron injetion into the semiondutor implying
higher photourrents. On the other hand the gap between the redox ouple and the Fermi
level dereases, whih auses a lower open iruit potential. Thus an optimal degree of
protonation of the dye is needed for maximizing the produt of short iruit urrent and
open iruit potential.
To investigate the energy alignment of the HOMO level yli voltammetry as well as
photoeletron spetrosopy have been performed by several groups (see Setion 1.1).
2.2.2 Adsorption geometry on anatase
Due to the distint geometry of the dye moleule its orientation relative to the TiO2 semi-
ondutor is of prime importane for the performane of the Dye Sensitized Solar Cell. Sine
the anatase (101) is the thermodynamially favorable surfae as already mentioned above
(Setion 2.1.1), it will be exlusively in the fous of the following geometrial adsorption
onsiderations. Taking the distanes of the possible adsorption sites into aount on the
part of the dye moleule and the anatase (101) surfae (Fig.2.12 a)), one omes up with a
variety of possible adsorption geometries. The N3 dye omplex anhors preferably with the
arboxyl groups on unsaturated 5-Ti sites (Fig.2.12b)  d)), but an interation between
TiO2 substrate and thioyanate group (Fig.2.12 e) and f)) is suggested in the literature as
well [159℄.
As the initial step of the dye anhoring to the TiO2 surfae in Ref. [149℄ the oupling via
only one arboxyl group is proposed. In subsequential anhoring steps the dye an adsorb
with any of the others remaining unoupled arboxyl groups, whih an end up to any of
the shown adsorption geometries (Fig.2.12b)  f)). Experimental support for the bonding
of two arboxyl groups per dye moleule has been provided by Infrared Analysis (IR) [161℄.
The oupling via two arboxyl groups of the same bipyridine ligand (Fig.2.12 b)) allows the
moleule to tilt sideways, whih may lead to the onguration shown in Fig.2.12 e). The
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Figure 2.12: Five possible adsorption geometries of RuL'2(NCS)2 dye on the anatase (101) surfae
(drawn aordingly to [149, 160℄). a) Topview onto the (101) anatase surfae with the possible
adsorption sites for the RuL'2(NCS)2 dye. For a better view only the rst layer of atoms is shown.
b) Sideview onto the (101) anatase surfae. The arboxyl groups of only one bipyridine ligand
are oupled to the surfae with two oxygen atoms. ) The N3 dye is bound to the substrate by
three oxygen atoms. d) Here the dye is bound with four oxygen atoms to the substrate. e) This
adsorption geometry originates from Fig. 2.12b) and involves the interation with the thioyanate
(SCN) groups. The moleule is tilted in a way that the SCN group an interat with adsorption site
F. f) Two oxygens of the arboxyl group of dierent bipyridine ligands and one SCN group anhor
to the surfae.
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mismath between the distane of the anhoring oxygen atoms of the dye (OO=6.2 Å)
ompared to the best suitable TiTi distane (5.5 Å) is muh larger than the mismath for
the adsorption geometries shown in Fig.2.12 ) and d), whih may lead to dierent strains
indued by relaxation upon these mismathes [162℄. In an experimental study K-edge X-Ray
Absorption Fine Struture (XAFS) data show a higher degree of disorder in dye sensitized
nanorystalline anatase lms than in blank ones [163℄.
Shklover et al. [149℄ suggest that the large mismath makes the onguration shown in
Fig.2.12 b) improbable. In Fig.2.12 ) and d) the moleule is inhibited to tilt due to
a stronger oupling to the substrate by more oxygen atoms, whih make an interation
between the thioyanate group and substrate unlikely. Shklover et al. [149℄ state, that the
adsorption geometry shown in Fig.2.12 d) is most favorable by thermodynami reasons, but
a diret evidene is missing.
The N3 dye moleule has a distint geometry, whih guarantees, that the dye operates like
an eletroni membrane. Due to the spatial separation of the HOMO (Fig.2.2 b)) and
LUMO (Fig.2.2 )) an eetive vetorial harge transfer of eletrons and holes takes plae
[1℄ for the dye adsorbed like in Fig.2.12. The vetorial harge transfer an be explained in
terms of Fermi's Golden Rule (Setion 1.3.1, Equation 1.3.1) in a way, that the injetion rate
kinj is governed by the matrix elementMf i . It is large, if the initial state, (the LUMO level of
the dye), and the nal state (the TiO2 ondution band states) have an overlap. Therefore
a strong oupling of the arboxyl groups to the TiO2 substrate is favorable. In ontrast the
interation between the thioyanate groups and the substrate redues the vetorial harge
transfer of the dye and interferes with its funtion as an eletroni membrane. In this ase
the matrix element Mf i is small. A photoeletron spetrosopi study of dry dye adsorbed
on nanorystalline anatase [159℄ suggests a fration of about 60% of the N3 dye moleules
on the TiO2 surfae showing an interation of the thioyanate group with the substrate.
2.2.3 Anhoring modes onto anatase
In the following the anhoring mehanism of the arboxyl group onto the TiO2 substrate
will be examined in detail (Fig.2.13). Assuming a deprotonation of the anhoring groups
from IR analysis [164, 165℄, three binding modes of the arboxyl group onto unsaturated
5-Ti sites are possible leading to dissoiative adsorption. So far experimental evidene for
the deprotonation of formi aid
1
on dened surfae orientations is present only on rutile
(110) [166, 167℄. But IR data of arboxylated ruthenium dyes on nanorystalline TiO2
indiate, that deprotonation ours for anatase (101) surfaes as well [164, 165℄.
In all adsorption geometries shown in Fig.2.12, all three binding modes (Fig.2.13) are pos-
sible in priniple, beause the arboxyl groups are able to rotate around the CC axis, whih
attahes them to the bipyridine ligand. But there is no experimental evidene given for
1
The most simple moleules ontaining one arboxyl group is the formi aid (HCOOH). It an be used as
a probe for the reation of arboxyl groups on TiO2.
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Figure 2.13: The dierent oupling modes of
the arboxyl group to the TiO2 substrate [165,
168℄. For simpliity, the unbound eletron pairs
at the oxygen atoms are omitted.
the reation of an unidentate linkage to the TiO2 substrate [165℄. Of the two remaining
anhoring modes the bridging one has been found to be the most stable onguration [164℄.
In an earlier theoretial study besides the dissoiative adsorption also the moleular adsorp-
tion of dye moleules without deprotonation of the arboxyl groups was onsidered [169℄.
But laking experimental evidene it is not assumed that the arboxyl groups undergo ad-
sorption without deprotonation.
A beneial side eet of the oupling of the dye onto the TiO2 surfae has been found. In
solution the N3 dye moleule suers from degradation of the thioyanate ligand under irra-
diation, i.e. sulfur loss. But upon anhoring to the substrate, this degradation mehanism
is suppressed due to the rapid transfer of the exited eletron into the semiondutor, whih
deativates the exited state of the moleule [170℄. The eletron injetion rate onstant is
estimated being 10
9
times larger than the sulfur loss reation.
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2.3 The eletrolyte
The eletrolyte in the Dye Sensitized Solar Cell works equivalent to a hole ondutor, whih
onsists of the I
−
/I
−
3 redox ouple mainly used in the dye ell, the ation of the redox ouple,
and the solvent. In the literature this redox ouple is often termed as a (redox) mediator,
i.e. providing a harge ow between working and ounter eletrode within the devie.
The eletrolyte has to math a ouple of requirements to provide the needed funtions [171℄.
As a basi prerequisite the eletroni alignment of the redox ouple relative to the dye
(Setion 1.1) must allow a reredution of the dye by means of eletron donation from
the redued I
−
(Setion 1.3.2). The more negative the redox potential of the mediator
is situated, the larger is the thermodynami driving fore of this reredution proess. In
addition a lot more onditions have to be fullled: The redox ouple ions have to be soluble
in the used solvent. Furthermore a high diusion oeient for a fast ion transport is
demanded. The redox system must possess a high reversibility of involved harge transfer
reations. On the other hand a high stability of the redued (I
−
) and oxidized (I
−
3 ) state
within the solvent is also very important. To avoid loss of inident light, the eletrolyte
should not absorb light in the visible region. Last but not least in order to prevent undesired
side reations a high resistivity of the eletrolyte against ambient onditions is neessary.
Drying-up of the eletrolyte is the main issue onerning long term stability of the ell.
Therefore many eorts have been attempted to get rid of the liquid eletrolyte employing
a solid hole ondutor (Setion 1.4) or ioni liquids without the volatile solvent [133, 172
177℄. A very interesting approah has been reported very reently employing a liquid rystal
eletrolyte [178℄. Despite the high visosity of the liquid rystalline eletrolyte, the I
−
/I
−
3
redox ouple moves within ion onduting layers of the smeti phase formed by the ations
[179,180℄. However, DSSCs employing liquid eletrolytes yield overall still higher eienies
than highly visous eletrolytes or solid hole ondutors.
2.3.1 Solvation of the eletrolyte ions
Solvation proesses are governed by intermoleular interations, whih are dierent for polar
and unpolar solvents. Hydrogen bonding, iondipole and dipoledipole interations our
only in polar solvents, whereas van der Waals fores and ionion interation are present in
unpolar solvents. For alulating the Gibbs free energy of solvation, the rst theoretial
onept was the Born model [181℄
∆G = − Z
2e2
8πǫ0R
(
1− 1
ǫ
)
(2.2)
with Z, e, R, ǫ0 and ǫ being the harge of the ion, the unit harge, the radius of the ion,
the dieletri onstant of vauum and of the solvent respetively. In Table 2.2 alulated
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values of the solvation enthalpy ∆G for the anions and ations are given. The dieletri
onstants are for aetonitrile ǫ = 38 and for benzene ǫ = 2.3 [182℄.
I
−
I
−
3 Li
+
PMII
+
ioni radius [pm℄ 206 580 73 570
∆Gacetonitr i le [Jmol
−1
℄ -327.6 -116.4 -924.5 -118.4
∆Gbenzene [Jmol
−1
℄ -190.2 -67.5 -536.6 -68.7
Table 2.2: The solvation enthalpies for the redox ouple I
−
/I
−
3 and the ation Li
+
in Jmol
−1
,
aording to the Born model (Eqn.2.2). The values for the ioni radii are taken from [183℄. The
ioni radius of the PMII
+
(1-propyl-3-methylimidazolium iodide) ation has been estimated by its
moleule struture (see Figure 2.17).
As one an see, the Gibbs energy of solvating of the smaller Li+ ation is muh higher than
for the I
−
3 and for the I
−
anion. Due to the muh higher dieletri onstant of aetonitrile
ompared to benzene the rst is a better solvent for ions. The Born model treats the
solvent as an uniform ontinuum embedding the solvated ion in a spherial avity. Hene
it neglets the struture of the solvation shell due to immobilized solvent moleules. This
shortoming has been overome by aounting for the interation within the rst solvation
shell by Marus [184℄.
But as it has been shown in reent Photoeletron Spetrosopy experiments onduted by
Weber et al., the Born model reprodues reasonably well absolute binding energy values
of iodide anions and alkali metal ations dissolved in water [185, 186℄. In an earlier work
aomplished by Mayer the same behavior was found for bromide anions and sodium ations
in water [187℄. In both studies the eet of solvation has been investigated by showing
binding energy shifts of opposite diretion for the dissolved ations and anions relative to
gas phase spetra. For ations the gasliquid shift goes to lower binding energies, whereas
the anions show a shift towards higher binding energies. Beause of the opposite diretion
of the solvent dipoles (Fig.2.14), the binding energies are shifted in dierent diretions,
whih an be observed by Photoeletron Spetrosopy.
Figure 2.14: Sheme of the sol-
vation in aetonitrile of an a) io-
dide anion b) lithium ation. Be-
ause the anion is muh larger than
the ation, the solvation age is
larger as well (not drawn to sale).
Using photoemission experiments ombined with moleular dynamis alulations, Markovih
et al. [188℄ investigated the oordination of aetonitrile solvent moleules around I
−
ions.
In this study the stabilization energy due to solvation of I
−
ions by aetonitrile was found
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to inrease with the number of surrounding solvent moleules. The alulations and ex-
periments reveal a strong initial hange of the stabilization energy up to 12 moleules.
Thus the authors onlude, that the rst solvation layer onsists of preferably 12 aetoni-
trile moleules. Afterwards the stabilization energy further inreases with the number of
solvating aetonitrile moleules, but now muh slower as the initial hange.
2.3.2 Eletroni struture
Caused by eletrostati interations of the ion with the solvent moleules, a solvation shell
of the solvent moleules around the ion is formed. Depending on the harge on the solvated
ion, the dipoles of the solvent moleules are arranged in a solvation age. The energy levels
for the oxidized and redued speies of the I
−
/I
−
3 redox ouple shift by a reorganization
energy λox and λred relative to the redox potential E
0
redox respetively [189℄, as is depited
in Fig.2.15 for a reversible one eletron transfer redox ouple. The reorganization energy
is due to a Frank-Condon split, beause the rearrangement of the moleules lags behind
the fast harge transfer reation, whih is desribed in detail by the well established Marus
theory. One has to onsider, that the orresponding energy states of the oxidized and
redued state belong to dierent speies and are sterially apart from eah other. Thus
no diret harge transition between the two energy state distributions is possible, as one
ould misinterprete from Fig.2.15. Usually λ is in the range of 0.52 eV [190℄, whih is
depending on the strength of interation between solvent and ions. The energy levels are
broadened beause of thermal utuations of the solvation shell, whih is assumed to result
in a Gaussian type of distribution. As a onsequene oupied and empty states, and their
density of states (DOS) as well, orrespond to redued and oxidized speies of the redox
system [190℄. It should be noted that for the I
−
/I
−
3 redox ouple the energy distribution of
energy states onsiderably deviate from this simplied piture, beause dierent hemial
speies and related energy states are involved.
Figure 2.15: The oupied re-
dued (E0red ) and unoupied oxi-
dized (E0ox) states of an ion in so-
lution (after [187℄). The standard
redox potential is given by E0redox
and the reorganization energy by
λox and λred respetively.
Aording to Figure 2.15, the redox potential of the eletrolyte Eredox is depending on the
onentration of the redued and oxidized speies. Quantitatively this is desribed by the
Nernst equation:
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Eredox = E
0
redox +
RT
nF
ln
cox
cred
(2.3)
E0redox is the standard potential, R the universal gas onstant, T the temperature, n the
number of transferred eletrons, F the Faraday onstant and cox and cred the onentration
of the oxidized and redued redox speies. Respetive to this equation, the redox potential
Eredox shifts by 59meV per deade of the onentration ratio of
cox
cred
. Thus depending on
this onentration ratio the driving fore for the reredution of the dye varies.
It is expeted that the I
−
/I
−
3 redox ouple has a more negative potential in aetonitrile due
to solvation eets ompared to aqueous solution (+0.536 V vs. NHE). Quite reasonable
determined values were published by two groups ranging from +0.256 V [191℄ to ∼+0.27 V
vs. NHE [192℄. For the alignment of the eletroni levels of all omponents ontained in
the DSSC (Figure 1.1), a value of ∼+0.4 V vs. NHE has been taken.
2.3.3 The I
−
/I
−
3 redox ouple
The standard mediator used for the DSSC is the I
−
/I
−
3 redox ouple. Of ourse some
groups searhed for alternatives like metal organi obalt omplex redox ouples [193196℄,
thioyanate, bromide or ferroene [171℄. But sine O'Regan and Grätzel introdued the
nanorystalline DSSC [6℄, no other redox ouple has exeeded the I
−
/I
−
3 redox ouple in
eieny [171℄.
The funtion of the redox ouple in the DSSC is to reredue the oxidized dye, whih already
has been desribed in Setion 1.3.2. Transient absorption experiments performed by Cliord
et al. [197℄ indiate, that an intermediate [I
−
dye
+
℄ omplex is formed in order to donate
an eletron from the solvated I
−
ion to the thioyanate group (loation of the HOMO).
Iodine (I2) has only a small solubility in polar solvents (0.3 g kg
−1
), but in solutions ontaining
a dissolved iodine salt (inluding I
−
ions) it an be dissolved easily. In solution the equilibrium
reation
I− + I2 ⇋ I
−
3 (2.4)
ours. Although the existene of this I
−
3 omplex was disovered in the year 1819, another
150 years passed by to understand the binding within this omplex, whih an be referred
to in usual textbooks [183, 198℄. Although the existene of polyiodide anioni speies like
I
−
5 , I
−
7 , I
−
9 ,... has been a dotrine over deades, the formation of suh omplex has been
srutinized reently due to missing experimental evidene [199℄.
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2.3.4 The ation
The ation also has a big inuene on ell performane. It sreens eletrons inside the
nanopartiles (Setion 1.3.3.1), inuenes the eletron injetion yield [37,200℄, the eletron
diusion oeient [51℄ and the dye reredution rate (Setion 1.3.2) [201℄. All these
aspets ontribute to the urrent density, whih rises with dereasing ation size [171,200℄,
as being depited in Fig.2.16 a).
Figure 2.16: The ation size plays an important role for ell performane (taken from [200℄). a)
The urrent voltage harateristi depend largely on the ation size. The photourrent density is
higher for smaller ations, whereas the open iruit voltage inreases for larger ations. b) The
ondution band edge (CBE) potential is lowered relative to the eletroni dye levels.
By adsorption of ations on the TiO2 surfae the driving fore for harge injetion is in-
reased sine the ondution band edge (CBE) potential shifts downwards relative to the
LUMO of the dye (Fig.2.16 b)), whih has been observed in several studies [200,202205℄.
In addition, the smaller the ation the better it an penetrate the dye layer on the surfae,
transferring the double layer potential drop loser to the TiO2 surfae (see Setion 1.2, Fig-
ure 1.3). On the other hand the open iruit voltage is dereasing with dereasing ation
size [31, 85, 200℄ beause of the same reason.
The eletron diusion oeient is lowered by larger ations, beause the ation has to
odiuse with the I
−
anions into the TiO2 in order to maintain harge neutrality.
Figure 2.17: left: The
moleule struture of 1-propyl-
3-methylimidazolium. right:
3D view of the molule with
attahed hydrogen atoms.
However, using molten salts (ioni liquids), whih have muh larger ations ompared to
alkali ations, results in a lower photourrent, but a higher photovoltage and ll fator.
Besides Li, the ation from the molten salt 1-propyl-3-methylimidazolium iodide (PMII)
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has been used in this present work (Fig.2.17). Overall the eieny of solar ells an
be signiantly inreased [206℄. Even without solvent reasonable onversion eienies
with ioni liquids up to 7.4% have been reahed [133℄. Overall ioni liquids seem to be a
promising alternative.
2.3.5 The solvent
The solvent is ideally aproti to avoid photohemial degradation reations in partiular
with the dye moleule. Espeially the thioyanate ligand is sensitive to the ambient and
UV-radiation, e.g. due to an exhange reation of this ligand with water moleules [207℄.
Sine the thioyanate ligand is responsible for the eletron uptake for reredution, this
degradation orrupts ell performane. In addition water as a solvent for the redox ouple
auses an undesired blue shift of the dye, whih narrows the spetrum of absorbed inident
light [208℄. A desired property of the solvent is a low visosity, whih failitates a high
ion mobility [209℄. Overall the solvent should provide an inert environment for the redox
ouple to stabilize the eletrolyte in harsh onditions like high thermal and UV input due to
sunlight irradiation.
2.3.5.1 Aetonitrile
Aetonitrile (CH3CN) is a olorless aproti solvent with high polarity (dieletri onstant
ǫ=38 at 25 ◦C) [182℄. It is a volatile solvent with a low visosity, thus it is a suitbale
solvent for the I
−
/I
−
3 redox ouple ensuring a high ion mobility. The high polarity (a high
ǫ) is responsible for a large solvation enthalpy, as shown in Table 2.2). Sine the solvation
behavior for the redox ouple in aetonitrile has been desribed already, we will now fous
on solventsubstrate interations.
Adsorption behavior Aetonitrile is used as a suitable probe for testing Brønsted or Lewis
sites on various materials analyzing its CN strething frequeny (ν(CN)) [210212℄. It is
well known, that the frequeny (2254 m
−1
) shifts to higher values upon interation of the
nitrogen lone pair with eletron-aepting adsorption sites on the substrate. A suggested
adsorption mehanism based on infrared spetrosopy of aetonitrile adsorption onto TiO2
(nanorystalline anatase) is shown in Fig.2.18.
The ν(CN) at 2274 m−1 is related to the Brønsted aid site bonding (proton donation
from the adsorption site), whereas the stronger shift (ν(CN)= 2318 m−1) is attributed to
a Lewis aid site bonding. Thus the interation between aetonitrile and TiO2 is stronger
at the Lewis site, indiating a stronger bonding. In this study also the adsorption behavior
for defet rih (Ti
3+
rih) and nearly defet free samples with adsorbed aetonitrile was
investigated. The adsorption on Ti sites with dierent oxidation state should lead to dif-
ferent CN strething frequenies, but for the two dierently treated samples the infrared
spetra at ν(CN) look the same. Therefore the authors onlude, that no adsorption on
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Figure 2.18: The adsorption mehanism
of aetonitrile onto TiO2(from [213℄).
left: A smaller shift of the CN streth-
ing frequeny is attributed to Brønsted
aid site bonding. right: The Lewis aid
site bonding is dedued from a higher fre-
queny shift.
Ti
3+
sites our, beause these sites are possibly not aessible for aetonitrile due to ster-
ial reasons. This onlusion is in ontradition to the experimental ndings in this work,
whih are shown in Setion 7.
Hydrolysis and photodissoiation Water ontamination within aetonitrile is harmful for
the ruthenium dye omplex, beause an exhange reation of the thioyanate group and
water ours [207℄. But even for aetonitrile itself addition of water an ause deom-
position. Measurements using infrared spetrosopy indiate that on oxides like zironia
(ZrO2) and TiO2 water auses a hydrolysis reation of aetonitrile, being bound on the
oxide surfae [214, 215℄.
It is widely aepted, that without water photoatalyti degradation of aetonitrile on TiO2
ours only in the presene of free oxygen gas [216219℄. But Chuang et al. reported a
deomposition reation due to hydroxyl groups on the surfae of TiO2 without having free
oxygen upon strong irradiation with UV light [220℄. In ontrast to that, Zhuang et al. state
that hydroxyl or oxygen on top of the TiO2 surfae is not suient for a photodissoiation
of aetonitrile [213℄.
2.3.5.2 Benzene
Sine the solvation behavior is dependent on the polarity of the solvent (see page 49,
Equation 2.2), benzene was hosen as an additional solvent for omparison. In ontrast to
aetonitrile it is nonpolar and has a very low dieletri onstant (ǫ= 2.3), thus the solvation
behavior of iodide is ompletely dierent. The solvation enthalpy ∆G is muh smaller (see.
Table 2.2). No solvation shell with oriented solvent dipoles around the ions is built up due
to missing moleular dipoles. Benzene (C6H6) is, like aetonitrile, a olorless, volatile and
aproti solvent having a low visosity.
Adsorption behavior Like in the ase of aetonitrile adsorption infrared measurements
have shown a stronger interation of benzene on the Lewis than on the Bronsted site
[221, 222℄. Sine benzene moleules interat with their π eletron system with the sub-
strate surfae, the benzene rings adsorb lying at on the surfae, whih has been shown by
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Near Edge X-ray Absorption Fine Struture (NEXAFS) experiments [223℄ and theoretial
alulations [224, 225℄.
Photodissoiation Photodissoiation of benzene has been reported upon X-ray irradiation
in the presene of oxygen forming arbon dioxide [226℄. It is also indiated by XPS mea-
surements, that X-ray irradiation at room temperature auses polymerization of benzene
on TiO2, whereas at lower temperatures (120K) it is stable [227℄.
Part II
Experimental
3 Experimental haraterization methods
In this hapter the dierent haraterization tehniques used in this work are introdued.
The emphasis is on the Photoeletron Spetrosopy (PES), whih was used throughout
the work as the main haraterization method. For haraterization of the TiO2 substrate,
dierent methods, like Atomi Fore Mirosopy (AFM), Sanning Eletron Mirosopy
(SEM), Grazing Inidene X-ray Diration (GIXRD) and Raman Spetrosopy have been
applied.
3.1 Photoeletron Spetrosopy (PES)
Photoeletron Spetrosopy [228, 229℄ was developed by Kai Siegbahn sine 1960, also
known as Eletron Spetrosopy for Chemial Analysis (ESCA). This method is based on
the outer photoeletri eet, whih was disovered by Heinrih Hertz in 1886 [230℄, de-
sribed in detail by Wilhelm Hallwahs in 1887 [231℄ and theoretially explained by Albert
Einstein in 1905 [232℄. Photoeletron Spetrosopy is one of the most important teh-
niques in surfae siene. It is a powerful tool for haraterizing the eletroni struture,
hemial omposition and bonding interations of materials with highest surfae sensitivity.
Photoeletron Spetrosopy is desribed in detail in the literature [233236℄.
Working priniple Upon irradiation with monohromatized eletromagneti radiation of
energy hν, the atoms of the sample absorbs these inident photons. Eletrons are exited
from initial (oupied) states into nal (unoupied) eletroni states. The inident light
must have a higher energy than the work funtion
ΦS = Evac − EF (3.1)
of the investigated material in order to emit eletrons out of the material with a kineti
energy ESkin, where Evac is the vauum level and EF the Fermi level. This emitted eletrons
an be analyzed by a hemispherial analyzer. By an eletrostati lens system the ounter
voltage is varied to hange the kineti energy of eletrons reahing the analyzer while
measuring a spetrum. The eletrons are brought to a dened kineti energy Epass passing
through the analyzer by the hemispherial analyzer. Hene an energy dispersive analysis is
possible (Fig.3.1 a)). The energy relations for Photoeletron Spetrosopy are displayed in
Fig.3.1 b). The kineti energy of an emitted ore level eletron is given by the exitation
energy minus the ore level binding energy EB,CL referened to the Fermi level and the work
funtion of the sample φS:
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ESkin,CL = hν − EB,CL − φS (3.2)
The Fermi levels of the sample and the analyzer are aligned to eah other building up a
ontat potential ∆φ due to dierent work funtions between sample φS and analyzer φA,
whih aelerates or slows down the photoemitted eletrons. Hene the kineti energy
of eletrons leaving the sample ESkin,CL is dierent from the kineti energy in the analyzer
EAkin,CL. The kineti energy in the analyzer is
EAkin,CL = hν − EB,CL − φS −
(
φA − φS) (3.3)
= hν − EB,CL − φA (3.4)
thus being independent of the work funtion of the sample. The binding energy of eletrons
at the Fermi level EF is zero by denition, whih makes an energy alibration possible.
Knowing the exitation energy hν the work funtion of the sample φS = hν − ESE an
be determined by the energeti position of the seondary edge ESE, at whih the kineti
energy of eletrons is zero.
Figure 3.1: a) The working priniple of Photoeletron Spetrosopy (PES). b) Energy sheme of
the involved energy levels in Photoeletron Spetrosopy (from [237℄).
In Photoeletron Spetrosopy the number of photoemitted eletrons is measured in de-
pendene on their kineti energy, whih results in an energy dispersion urve (EDC). This
EDC resembles the density of states (DOS) in the material. In addition, a bakground
of inelastially sattered eletrons (seondary eletrons) is superimposed in the EDC. This
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bakground inreases in intensity towards lower kineti energy and breaks down to zero at
zero kineti energy (at the seondary eletron edge). The line width of the emission lines
is determined by the natural line width of a transition due to the nite lifetime of the pho-
tohole ∆ELT , the line width of the radiation soure ∆Ehν and the resolution of the analyzer
∆EA. The rst natural line width auses a Lorentzian broadening, whereas the two last
ontributions are of Gaussian type. The overall resolution ∆FWHM is given by
∆EFWHM =
√
∆E2LT + ∆E
2
hν + ∆E
2
A (3.5)
The photoemission lines are a onvolution of Gaussian and Lorentzian funtions. For the
quantitative analysis photoeletron spetra have been deonvoluted using Voigt type fun-
tion in t maros with IGOR software.
Figure 3.2: The inelasti mean free
path of eletrons (IMFP) λe , whih
is the surfae sensitivity of Photo-
eletron Spetrosopy is depending
on the kineti energy of eletrons.
This relation is also alled "bathtube
urve" (from [238℄).
By variation of the exitation energy hν the kineti energy of the photoeletrons is hanged.
The inelasti mean free path of eletrons (IMFP) λe is dened as the distane perpendiular
to the surfae, on whih the eletron intensity is damped to
1
e
. The IMPF is depending on
the kineti energy of eletrons as being shown in the so alled bathtube urve (Fig.3.2).
The IMFP λe is almost independent of materials and ranges from 5 - 30 Å, whih amounts
to 2  15 atomi layers. Aording to the used soure, whih have dierent radiation
wavelengths, Photoeletron Spetrosopy is divided into Ultraviolet Photoemission Spe-
trosopy (hν < 41 eV) and X-ray Photoemission Spetrosopy (hν = 41 eV - 1500 eV). For
Synhrotron Indued Photoemission Spetrosopy synhrotron radiation is needed, whih
allows a ontinuous variation of the inident photon wavelength. In this work mainly syn-
hrotron indued Photoeletron Spetrosopy has been applied at two beamlines, the U49-
2/PGM2 (hν =80 eV - 1500 eV) for ore level spetrosopy and the TGM-7 (hν = 14 eV -
120 eV) for valene band spetrosopy. Sine the number of eletrons in the synhrotron
storage ring dereases with time, the intensity of the inident photons dereases as well.
Therefore the spetra were normalized to the beam urrent of the synhrotron ring to
gain alibrated data. In some ases the intensity is referred to a ertain eletroni level, if
attenuation eets due to damping by adsorbates must be eliminated.
Besides photoeletrons also Auger eletrons are emitted. Auger eletrons are reated by
the relaxation of an eletron of outer levels into the primarily reated photohole. The energy
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dierene is transferred radiationlessly to another eletron, whih is leaving the atom. The
Auger eletron has a onstant kineti energy, thus being independent of the hosen inident
exitation energy.
Element analysis and oxidation state Sine all elements have dened emission energies,
Photoeletron Spetrosopy is suitable for hemial analysis of samples, i.e. for analyzing
elements and their onentration on the sample surfae. Moreover with Photoeletron
Spetrosopy dierent oxidation states an be distinguished by means of a shift in binding
energy of ore levels in omparison to the pure element (hemial shift). The binding energy
depends on the density of valene eletrons around the analyzed atom/ion. The valene
eletron density hanges due to neighbor atoms with dierent eletronegativity, thus the
binding energy of the measured ore level eletrons hanges. A shift towards higher binding
energy indiates an oxidation, whereas lower binding energy indiates a redution of the
respetive element. The hemial shifts of ore level lines in dierent ompounds are listed
in the literature [239, 240℄.
Relative onentrations of elements The quantitative omposition of samples an be
determined from the integral intensity of the photoemission lines after subtration of the
seondary eletrons bakground. In this work the seondary eletron bakground has been
subtrated by a Shirley funtion [241℄. The intensity of a photoemission line depends
on the atomi onentration of the respetive element. In addition, the geometry of the
spetrometer strongly aets the photoemission intensities, but all these parameters an
be summarized in a onstant. The intensity of a photoemission line IA for the element A is
thus given by
IA ∝ σA
∫
z
NA (x, y , z) exp
{ −z
λe cosΘ
}
dz (3.6)
with σA being the ross setion of photoionization, NA the density distribution of atoms of
element A, z the oordinate perpendiular to the sample surfae, λe the inelasti mean free
path of eletrons (IMFP), and Θ the angle between the normal of the sample surfae and
the analyzer. Atomi sensitivity fators (ASF), whih are listed in tables for eah element
for an exitation energy of hν =1486.6 eV (Al Kα soure) [242℄, inlude analyzer parameters
as the transmission funtion T , the spetrometer sensitivity and sample parameter like the
inelasti mean free path of eletrons λe and the ionization ross setion σA. The ASF are
dierent for eah type of analyzer. In this work the analyzer Phoibos 150 MCD-9 from
Spes has been used. Sine experiments have been onduted in this work with dierent
photon exitation energies hν, the ASF varies due to a hange of the ionization ross
setion σA, the IMFP λe and the transmission funtion T ∝ 1√Ekin :
ASF ∝ σAλe 1√
Ekin
(3.7)
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By using the ASF, for homogeneously distributed elements A and B, the relative onen-
trations are given by
nA
nB
=
IA · ASFB
IB · ASFA (3.8)
where n is the onentration of the respetive element and I the intensity of the photoe-
mission line.
Thikness of adsorbate layers By means of Photoeletron Spetrosopy the thiknesses
of adsorbate layers an be derived from the attenuation of the substrate emission with
overage by the adsorbate. Depending on the thikness of the adsorbate layer, photoemitted
eletrons have to travel a longer distane to the sample surfae and the intensity of the
eletrons is exponentially dereased. The thikness of the adsorbate layer dA is
dA = λe · ln
(
I0
IA
)
(3.9)
with IA as the intensity of the substrate emission line with adsorbate, I0 as the intensity of
the unovered substrate and λe as the inelasti mean free path of eletrons in the adsorbate
layer.
Resonant Photoemission Spetrosopy (ResPES) ResPES [243247℄ is suitable for
the investigation of the atomi origin of valene band states. Also it is useful for enhaning
the intensity of usually weak features, e.g. the Ti 3d states of TiO2 within the gap. The
PES resonant behavior of anatase [131, 134℄ and rutile single rystals [132, 248, 249℄ were
desribed in detail in literature. In PES dierent ionization proesses may our as displayed
in Fig.3.3.
In the ase of TiO2 the diret photoemission proess an be desribed by
3p63dn + hν −→ 3p63dn−1 + e−f (3.10)
For resonant eets in PES, the exitation energy has to be sanned aross the transition
of a ore level to a valene level state, e.g. T i3p → T i3d (47 eV) or T i2p → T i3d
(464 eV). This transition leads to the autoionization proess, i.e. an eletron is exited to
an unoupied Ti 3d state (or Ti 4s state), whih relaxes bak to its ground state. The
energy dierene involved in the relaxation proess is transferred to the valene eletrons and
onsequently its emission intensity may be enhaned. The binding energies of the involved
atomi orbitals are Ti 3p =37.9 eV, Ti 3d =1.3 eV and Ti 2p =459.6 eV, resulting in energy
dierenes ∆ET i3p−T i3d = 36.6eV and ∆ET i2p−T i3d = 458.3eV . The energy values for both
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Figure 3.3: Sheme of three dierent ionization proesses during the photoemission spetrosopy.
The diret photoemission and the autoionization have idential nal states, whereas the Auger
proess auses a double ionization of the atom.
resonanes exeed these energy dierenes. A possible explanation for this mismath is the
exitation of eletron into higher energy states.
Thus the relaxing eletron transfers its energy radiationless to another eletron in the Ti 3d
state, whih is emitted:
3p63dn + hν −→ [3p53dn+1]∗ −→ 3p63dn−1 + e−f (3.11)
Due to the exitation into dierent eletroni states depending on the exitation energy,
the kineti energy of the emitted eletrons varies. For diret photoemission as well as
autoionization proesses, the kineti energy of the emitted eletron depends on the exi-
tation energy. Moreover the nal states in both ases are idential, hene both proesses
interfere. This leads to an inrease of the photoionization ross setion and explains the
resonant behavior of Ti 3d states at the transition energy.
A dierent nal state is reahed by the Auger proess:
3p63dn + hν −→ [3p53dn]∗ + e− −→ 3p63dn−2 + e−f (3.12)
Two eletrons are emitted during this proess. Sine an eletron relaxes from the oupied
Ti 3d into the 3p state, the transferred energy is onstant. The eletron emitted from the
3d state has a onstant kineti energy, therefore this proess is inoherent with the diret
photoemission and does not lead to a resonant behavior.
Due to hybridization of Ti 3d and O2p states in TiO2 the resonane ours via an inter-
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atomi proess. In this ase, the resonant exitation proess initially follows Eqn.3.11 but
the deay hannel is via the O2p states:
[
T i3p53dn+1
]∗
+O2p6 −→ T i3p63dn +O2p5 + e−f (3.13)
This interatomi resonant exitation allows assumptions about the dierent features and
their bonding nature in the valene band [131, 134℄.
3.2 Raman Spetrosopy
Raman Spetrosopy relies on the Raman eet (disovered by Raman in 1928 [250℄),
whih desribes the inelasti sattering of monohromati light in the visible, near IR or
near UV region. The inident light interats with vibrational modes in the material. As a
onsequene besides the elasti sattering (no hange in frequeny) a shift both towards
higher or lower frequeny of the inident light is observed, involving the (de)exitation of
vibrations. This an explained by means of Figure 3.4.
Figure 3.4: Besides the elasti sat-
tering of light (Rayleigh) inelasti sat-
tering (Raman) results in shift towards
lower (Stokes) or higher (anti-Stokes)
frequeny. The thikness of the arrows
indiate the intensity of the respetive
transition
The exitation ours from a vibrational ground states to a virtual energy state. In the ase
of the Rayleigh sattering, light is sattered elastially, whereas the Raman sattering is
an inelasti sattering. Due to Raman sattering the inident light gains or looses energy.
The phonons are relaxing bak either to a higher or lower nal vibrational state. In the
ase of the Stokes shift the phonons gain energy, whereas the anti-Stokes shift inludes
an energy loss of the phonons from a higher initial vibrational energy state. These shifts
give information about the phonon modes, whih are harateristi for eah material. The
intensity of the Raman mode depends on the hange of polarizability with the normal mode
of vibration.
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3.3 Grazing Inidene X-Ray Diration (GIXRD)
Monohrome X-ray photons are dirated on rystal planes aording to Bragg's law [251℄
n · λ = 2d · sinΘ (3.14)
where λ is the wavelength of inident X-ray photons, n is a whole number, d is the distane
between the rystal planes and Θ is the diration angle of the X-rays on the rystal plane.
In ontrast to the ommonly used Bragg-Brentano geometry the GIXRD has a onstant
inident angle ω of X-ray photons, whih amounts usually only between 0.5 ◦to 2 ◦. Thus
only the detetor sans along the 2θ angle. By this method not only reexes originating
from rystallographi planes parallel to the surfae are obtained, but also planes in any
diretion, whih fulll the Bragg reetion ondition (Equation 3.5).
Figure 3.5: The experimental
setup of the GIXRD.
Beause of the small inident angle this X-ray diration method is suitable for phase
haraterization of thin layers. Only rystal phases an be determined, but a determination
of lm texture is not possible. The depth information of dierent reexes is onstant,
whereas in the Bragg-Brentano geometry it varies, sine the penetration depth of the
inident x-rays depends on the inident angle.
3.4 Atomi Fore Mirosopy (AFM)
In 1986 the Atomi Fore Mirosope (AFM) was invented and introdued by Binnig et
al. [252℄. It is a further development based on the Sanning Tunneling Mirosope (STM). It
overomes the onstraint of the Sanning Tunneling Mirosope (STM) of being appliable
only to onduting samples. As signal the fore between a tip and the sample is measured.
A shematial piture of the experimental setup is shown in Figure 3.6 a).
As a probe a sharp pyramidal tip (e.g. made out of silion, Si3N4, or diamond) is used, whih
is loated on a exible antilever (Figure 3.6 b)). The antilever is a very thin at spring,
whih is sanned over the sample. The vertial deetion and torsion of the antilever an
be deteted by measuring the deetion of a laser beam.
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Figure 3.6: The working priniple of the Atomi Fore Mirosope. a) The priniple assembly [253℄.
b) SEM-image of a tip [254℄.
The fore potential of the tip lose to the surfae an be desribed by the Lennard-Jones
potential [255℄ φ(r)
φ(r) = − A
r6
+
B
r12
(3.15)
with A and B being positive onstants and r the distane of the tip from the sample. If the
tip is in diret ontat to the sample in the repulsive range, it is in the so alled ontat
mode. If the tip just feels the attrative fores, the non-ontat mode is used (Figure
3.7).
Figure 3.7: The Lennard-Jones potential.
In the "ontat mode" the repulsive fore
is probed, while with inreasing distane
the attrative fore ("non-ontat mode") is
probed [254℄.
The interatomi fores between tip and sample are divided into long and short range ontri-
butions. In vauum long range van der Waals fores over a range up to 100 nm, whereas
hemial fores are onstrained to few Ångström. The repulsive fores are aused by the
forbidden interpenetration of eletron orbitals, whih is based upon the Pauli priniple. In
air there at additional fores between tip and sample due to adsorbates (e.g. water) on
the surfae.
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In this work only the ontat mode (-AFM) was used. The image mapping in this mode
is determined by the spring onstant k of the antilever by the relation [256℄
k =
E · b · d3
4l3
(3.16)
denoting E as the Young's modulus, and b, d , and l as the width, thikness and length of
the antilever. The spring onstant k has to be in the range of 0.01 - 5 N/m in order to allow
a deetion of the antilever, if being exposed to smallest fores. By the deetion ∆ = Fts
k
with Fts being the fore between tip and sample, the reetion diretion of the laser beam
is hanged and an be deteted on a loation sensitive CCD-hip (4 segment detetor).
Based upon this information a topographi image an be alulated. The Atomi Fore
Mirosope has no real atomi resolution sine the tip at its end is muh bigger than one
single atom. In addition to the vertial deetion of the antilever a torsion an our, whih
provides information about the hemial environment and surfae roughness. Mapping of
this signal results in lateral fore image.
3.5 Sanning Eletron Mirosopy (SEM)
The Sanning Eletron Mirosope (SEM) was rst introdued by von Ardenne in 1938
[257℄. It has a muh higher resolution than the onventional light mirosopy and an
reah magniations of up to 10
6
.
Figure 3.8: The working priniple of the
Sanning Eletron Mirosope (SEM).
Eletrons are emitted from a tungsten or lanthanum hexaboride (LaB6) eletron athode,
either thermionially upon heating or by eld emission due to a high eletri eld. The
eletrons are aelerated to the sample. In order to san the surfae, oils are used to
hange the eletri eld in a dened way that the eletron beam is deeted line by line over
the sample surfae. Basially three kinds of signals an be deteted by an SEM: seondary
eletrons (SE) due to inelasti sattering, elastially baksattered eletrons (BSE) and
X-ray photons. The rst and most ommonly used SE-signal produes three dimensional
3.5 Sanning Eletron Mirosopy (SEM) 69
pitures of the sample surfae, beause the seondary eletrons have only a small kineti
energy (< 50 eV). Thus seondary eletrons originate lose to the surfae. Baksattered
eletrons (BSE) and X ray photons originate from deeper areas of the sample and an
both be used to measure the distribution of elements within the sample. In this work only
seondary eletron pitures have been taken. As a prerequisite, the samples have to be
ondutive, whih an be aomplished for insulating samples by sputtering a ondutive
material onto the surfae. In this work, the samples have been overed with arbon.
4 Substrate and interfae preparation
In this hapter a short desription of the sample preparation tehniques are given. For
the substrate preparation both a sol-gel and a MOCVD proess have been applied. The
dye and eletrolyte adsorption from solution and also the solvent adsorption from the
gas phase were performed at the Solid Liquid Analysis System (SoLiAS) at the Berliner
Elektronenspeiherring-Gesellshaft für Synhrotronstrahlung (BESSY).
4.1 TiO2 substrate preparation
The sol-gel preparation route is in general applied for manufaturing DSSC devies. In
order to redue ontaminations from ambient air, an in-situ method has been applied using
MOCVD-preparation.
4.1.1 Sol-Gel preparation
Figure 4.1: The sol-gel proess to produe the nanorystalline anatase. 1. The anatase slurry is
deposited by a glass rod on top of the TCO glass between the soth tape spaers. 2. The slurry
is dried for 10 minutes in air and turns from white opaque to transparent. 3. For drying in an oven
and the sintering proess the soth tape spaers are removed and the anatase layer is sintered for
30min at 450
◦
C in air.
Nanorystalline and nanoporous TiO2 layers were produed applying the sol-gel proess
(Fig.4.1) as desribed by Solaronix S.A. [258℄. A white slurry is used, ontaining 20% wt.
of nanorystalline anatase powder (∼13 nm grain size) in an ethanol solution ontaining
water and polyethylene dioxide (Solaronix Ti-Nanoxide T-series). The white paste has
been spread out with a glass rod between two soth tape spaers. The white slurry turned
transparent after drying of 10min in air, then it was put in a drying oven at 100
◦
C for 10min.
After that the sample has been taken to an oven, where it was heated to 450
◦
C within
10min, then kept at that temperature for 30min and ooled down to room temperature
within 30min.
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4.1.2 Metal Organi Chemial Vapor Deposition (MOCVD)
Figure 4.2: The MOCVD proess using a ustom made heating and TTIP soure.
The aim of the MOCVD in situ preparation (Fig.4.2) of anatase layers was to redue
ontamination of the TiO2 substrate. The polyrystalline thin lm anatase substrate was
prepared in UHV by metal organi hemial vapor deposition (MOCVD) [259, 260℄ using
the single preursor titanium tetra isopropoxide (TTIP) (99.995% purity, Alfa Aesar). The
single preursor inside the glass vessel was heated to 80
◦
C due to its low vapor pressure.
The deposition was performed at a pressure of 10−5mbar in the vauum hamber (mostly
for 2.5 h) onto the native oxide of an Si (111) wafer, whih was preheated 30min before and
kept during deposition at 450
◦
C. During the deposition, the single preursor deomposes
on the heated substrate aording to the hemial reation:
Ti (OC3H7)4 −→ TiO2 + 4C3H6 + 2H2O (4.1)
Ti (OC3H7)4 −→ TiO2 + 2C3H7OH+ 2C3H6 (4.2)
The two possible reation paths [261℄, lead to TiO2 and to the byproduts propene (C3H6)
and water (H2O) or isopropanol (C3H7OH). After deposition the sample was kept for 30min
in oxygen (pO2 = 10
−5
mbar) while ooling down.
4.2 Interfae preparation
The preparation of the TiO2Ru dye/eletrolyte interfae was done in two stages. The ad-
sorption of the dye and the eletrolyte was aomplished under normal pressure onditions,
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but without ontat to ambient air. The (o)adsorption of the solvent was performed from
the gas phase in the UHV hamber, whih requires a speially designed experimental setup
desribed in the following.
4.2.1 Solid-Liquid Analysis System
The main part of the photoeletron spetrosopy analysis has been onduted at the SoLiAS
experimental station, shown in Fig.4.3 [262℄, whih was speially designed for the analysis
of solid / liquid interfaes loated at BESSY at the beamlines U49/PGM2 and TGM7.
The SoLiAS setup provided a base pressure in the range of 10
−10
mbar. The SoLiAS setup
(Fig. 4.3) an be divided into three levels: The rst level is the analysis level, where
Photoeletron Spetrosopy has been performed (Se.3.1). For taking the photoeletron
spetra, a hemispherial analyzer (model Phoibos from SPECS GmbH) has been used.
All spetra taken were referened to the gold Fermi edge with respet to binding energy
of eletrons. The seond level is the preparation level for MOCVD in situ preparation or
subsequent annealing steps of substrate material (Se.4.1.1 and Se.4.1.2). The third level
oers the opportunity to prepare solid / liquid interfaes, whih is the unique feature of
SoLiAS (Se.4.2.2 and Se.4.2.3). Here the dye / eletrolyte and solvent adsorption were
performed.
Figure 4.3: The Solid Liquid Analysis System (SoLiAS) experimental station.
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Figure 4.4: Glass ell
4.2.2 Dye and eletrolyte adsorption
To adsorb the dye (bought from Solaronix S.A. Switzerland, dissolved in ethanol solution,
20mg/100ml) and/or the eletrolyte (LiI or the molten salt, 1-propyl-3-methylimidazolium
iodide (PMII), dissolved in aetonitrile) an UHV-integrated glass ell was used (Figure 4.4).
This glass ell is attahed diretly to the SoLiAS station and ontinuously purged with
pure argon ontinuously allowing a diret transfer to the ultra high vauum (UHV) by
avoiding ontat to ambient air. The dye Ru
II
(2,2'-bipyridine-4,4'-diarboxylate)2(NCS)2
was adsorbed for 3 min and afterwards the TiO2 lm was rinsed with pure ethanol in order
to ahieve monolayer overage. An argon pipe was used to blow o the residual solvent
after rinsing and to dry the sample. The eletrolyte adsorption has been aomplished
by exposing the TiO2 lm to the solution and by waiting for omplete evaporation of the
solvent. But the sample has not been rinsed before introduing into UHV.
4.2.3 Solvent (o)adsorption
For oadsorption of solvents aetonitrile was used (available in argon lled resealable Chem-
Seal bottles with 99.8% purity, Alfa Aesar). A glass vessel was lled with aetonitrile inside
a glove box in argon atmosphere. This vessel has subsequently been attahed to the UHV
system via a leak valve. As an additional solvent the unpolar benzene with a purity >99%
was investigated and treated in an analogous way. In order to remove argon and gaseous
ontaminations out of the glass vessel, the vessel was pumped down to HV after the solvent
was freezed with liquid N2. Coadsorption of the solvents were aomplished from the gas
phase onto the sample, whih was ooled by a liquid nitrogen (LN2) reservoir inside the
manipulator (Fig.4.5). The solvent soure has been heked for purity with a quadrapole
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Figure 4.5: Gas phase adsorption
mass spetrometer. As the last step in (o)adsorption experiments the desorption of volatile
speies has been performed at room temperature for several minutes to few hours.
Part III
Results and Disussion
5 Sope of this work
The aim of the present work is to obtain a omprehensive understanding of the omplex
eletroni interations operative at the working eletrode of the Dye Sensitized Solar Cell.
The fous lies on the eletroni oupling of TiO2 substrate, dye, eletrolyte salt and solvent.
In ontrast to p/n juntion solar ells the working priniple of the Dye Sensitized Solar Cell
relies on interfaial harge transfer involving hemially dierent omponents. Sine the
interfae dimension is in the range of one dye monolayer, high surfae sensitivity of the
analysis is mandatory. Thus Synhrotron Indued Photoemission Spetrosopy has to be
applied making use of its high surfae sensitivity. The haraterization of eah omponent
has to be performed in order to be able to attribute the respetive photoemission lines
appropriately.
Sine the TiO2 substrate has been produed in two dierent ways, on one hand by Sol-
Gel preparation (ex situ) and on the other hand by MOCVD (in situ), it is neessary
to ompare both substrate types. The haraterization involves morphology (SEM) and
rystalline phases like either anatase or rutile (GIXRD, Raman), and eletroni struture
(SXPS).
As assumed by several groups [48, 76, 78, 144, 145℄, defet states, whih are attributed as
surfae states [138℄, aet the devie performane negatively by ating as reombination
enters after trapping the photoinjeted eletrons. On the other hand, Gregg et al. [17,80℄
laim, that upon UV illumination defets are reated, whih are beneial for the perfor-
mane of the DSSC in terms of providing a ondution path for eletrons. One aim of this
Photoeletron Spetrosopy study is to investigate, how these defet states an be inu-
ened. Sine it is assumed, that these trap states arise also from oxygen vaany states at
the substrate surfae (Setion 2.1.4), the behavior of these defets has to be investigated
in the presene of all involved adsorbates at the working eletrode.
All harge transfer reations depend on the alignment of the eletroni energy levels of
substrate, dye and eletrolyte. Therefore it is attempted to investigate the position of all
relevant energy levels of the involved omponents by means of Photoeletron Spetrosopy.
By oadsorption experiments of dye, eletrolyte salt and solvent, the eletroni alignment
on the working eletrode needs to be eluidated.
The key of the Dye Sensitized Solar Cell onerning devie operation is the dye moleule and
its orientation relative to the TiO2 substrate surfae. In order to enhane the dye moleule
reredution (Setion 1.3.2) and to minimize the detrimental bak eletron transfer (Setion
1.3.4.2), the adsorption geometry on the substrate surfae needs to be eluidated.
6 The TiO2 substrate
In this work the anatase substrate was made by two dierent prodution tehniques  the
SolGel method and the MOCVD proess (Setion 4.1.1 and 4.1.2). In the following the
substrates are referred as n-TiO2 for the ex-situ produed Sol-Gel TiO2 and as CVD-TiO2
for the in-situ prepared MOCVD layers. Both substrates have been investigated with respet
to their rystal phases by Raman Spetrosopy and GIXRD, their morphology by SEM and
AFM and their eletroni properties by SXPS and ResPES.
6.1 Crystalline phases
The TiO2 substrate in the DSSC ats as the eletron onduting material. Hene the
ondutivity, whih is determined by the mobility of the harge arriers, is an important
property of the material. As mentioned in Setion 2.1.1, the eletron mobility is one
magnitude higher for anatase ompared to rutile. Thus an aim is to produe anatase
substrates to enhane eletron ondutivity, whih is ruial for the performane of the
DSSC devie.
6.1.1 GIXRD
In order to determine the phase purity of both n-TiO2 and CVD-TiO2, X-ray diration
experiments with grazing inidene (GIXRD) have been performed (Figure 6.1). The Sol-
Gel slurry onsists of TiO2 partiles being at least 70% anatase and less than 30% rutile
as speied by the manufaturing ompany Solaronix S.A. In ontrast the situation for the
MOCVD-TiO2 is not lear, thus it is of speial interest to investigate its rystalline phase.
In both ases the rystalline phase ould be unambiguously determined being anatase by
means of its harateristi reexes. No ontributions of rutile ould be deteted. The n-
TiO2 shows in addition reexes originating from the SnO2:F layer, whih ould be aused
by an inomplete overage of the SnO2:F layer by the n-TiO2 layer. Sine the inident
angle of the X-ray beam is xed in the GIXRD geometry, planes of dierent angles relative
to the surfae plane fulll the reetion ondition. This implies that no information on
texture is available. On the other hand it was not possible to aomplish X-Ray Diration
with the Bragg-Brentano geometry, beause both types of TiO2 layers have an insuient
thikness of only around 1µm.
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Figure 6.1: GIXRD measurements of the produed TiO2 substrate measured with an inident angle
of 2
◦
. Below eah diration pattern the Miller Indies (hkl) are given. top: The SolGel layers
sintered at 450
◦
for 30min. bottom: The TiO2 substrate deposited by MOCVD.
6.1 Crystalline phases 83
6.1.2 Raman
Figure 6.2: Raman spetra of CVD anatase thin lms and rutile (110) rystal ompared with a
spetra series taken from literature [263℄, that shows the transformation of anatase A to rutile R
with temperature.
Also Raman measurements have been performed to give additional evidene for the rys-
talline phase of the CVD-TiO2. A mirofoal Raman spetrometer with a HeNe-Laser
(ν =632.8 nm) was used. Raman spetra of single rystalline rutile (110) and CVD-TiO2
have been taken, whih are displayed in Figure 6.2. The omparison of these spetra with
literature data [263℄ learly evidenes, that the CVD-TiO2 ontains only the anatase phase.
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6.2 Morphology
Both n-TiO2 and the CVD-TiO2 layers have been investigated by SEM and AFM with
respet to their morphology. Size and shape of the TiO2 partiles as well as mirostruture
and thikness of the layer were of interest.
6.2.1 n-TiO2
6.2.1.1 SEM
The top view SEM images (Fig.6.3 a)) show the rystal size and shape of the TiO2 partiles.
The TiO2 nanopartiles onsist of rystallites with rounded edges and orners onneted
to eah other to form a porous network. The evident partile size amounts to about
50  100 nm aording to these SEM measurements.
Figure 6.3: SEM mirographs of TiO2 anatase lms prepared by applying the sol-gel proess
(sintered for 30min at 450
◦
C in air). a) Top view. b) Side view of the same layer.
The side view images (Fig.6.3 b)) allow to estimate the thikness and the mirostruture
of the TiO2 layer. The underlying transparent onduting oxide layer (TCO) measures
0.4µm, whereas the n-TiO2 layer has a thikness of 1.4µm. The mirostruture of the
nanoporous layer is globular.
6.2.1.2 AFM
The AFM piture (Fig.6.4 left) onrms the porous morphology with globular rystallites
as already dedued from the SEM measurements desribed above. The average partile
size is estimated to be about 100 nm, whih is of similar size as determined in the SEM
experiments. Also a prole over a distane of 5µm is shown (Fig.6.4 right). From the
deepest to the highest point the height dierene amounts about 10 nm, whih is muh
less than the average size of one partile. This is most likely due to the size of the AFM
tip, whih is too big to intrude in between two partiles.
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Figure 6.4: left: The AFM image of the n-TiO2 over an area of 5x5µm. The blak line shows the
san line used for a prole. right: The prole aross the line. The partile diameter is estimated to
be about 100 nm.
6.2.2 MOCVD-TiO2
6.2.2.1 SEM
The top view SEM image (Fig.6.5 a)) shows that the TiO2 partiles formed are small
plates. The normal of this small plates are oriented almost perpendiular to the underlying
surfae normal. The plates are staked parallel in small domains, forming a olumnar
mirostruture. Additionally, there are areas on the CVD-TiO2, whih show a granular
mirostruture as displayed in Figure 6.5 b). In this ase the rystallite size varies more,
i.e. it ranges from 20 nm up to 200 nm (note the dierent sale ompared to Figure 6.5
a)). Moreover the habitus of anatase single rystals an be identied (white retangular),
whih shows one triangular fae of an otahedron, i.e. the (101) surfae (ompare with
Fig.2.3 a) and ), page 36).
The side view (Fig.6.5 )) shows, that in ontrast to the n-TiO2 the CVD-TiO2 has a
olumnar mirostruture. The thikness of the underlying natively oxidized Si(111) layer is
around 0.4µm, and the TiO2 layer is about 0.9µm.
6.2.2.2 AFM
The AFM image of the MOCVD TiO2 (Fig.6.6) reveals a morphology more similar to the
SEM piture shown in Figure 6.5 b) than in Figure 6.5 a). The reason for this dierenes
ould be the fat, that the tip of the AFM is not able to resolve the ne rystallite plates as
displayed in Figure 6.5 a). The TiO2 partile size of 160 nm is similar as found by SEM. A
5µm line prole shows a similar roughness as for the n-TiO2, whih amounts to be about
8.5 nm.
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Figure 6.5: SEM mirographs of insitu prepared TiO2 anatase lms using MOCVD (2.5 h and
10
−5
mbar TTIP, substrate heated at 450
◦
C, 2.5A heating urrent; kept after deposition at 450
◦
C
in oxygen). a) Top view, showing the partiles being small plates. b) Top view of another sample.
Here the partiles are of granular shape. ) Side view with a layer thikness of about 1µm.
Figure 6.6: left: AFM image of CVD-TiO2 over an area of 5x5µm. The blak line shows the san
line used for a prole. right: Aording to the prole aross the line, the partile diameter amounts
to be about 160 nm.
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6.2.3 Summary
Conerning the anatase partile size our results by GIXRD and Raman experiments slightly
deviate from the literature (Setion 2.1.1). We have deposited anatase partiles of a size
ranging from 20 to 200 nm for the CVD-TiO2. In ontrast the phase stability landsape
displayed on Page 33 (Fig.2.4) predits anatase being stable only below a partile size of
30 nm. A possible reason might be the dierent ambient onditions like vauum instead of
ambient pressure. The n-TiO2 partiles show a diameter of 50 nm, although the dispersed
partiles are speied by Solaronix S.A. being around 13 nm before sintering. Thus the
inreased partile size of 50 nm is evidently due to the sintering proess applied in this work.
Comparing the morphology of both substrates reveals dierenes: Whereas the n-TiO2
onsists of round shaped rystallites, the SEM pitures of the CVD-TiO2 show either small
plate-like rystallites or small rystalline grains revealing the habitus of single rystalline
anatase. While the n-TiO2 substrate onsists of a granular mirostruture (Fig. 6.3 b)),
the CVD-TiO2 side view shows a olumnar mirostuture (Fig. 6.3 )). For the devie the
two types of mirostrutures may have dierent onsequenes: The granular mirostruture
might favor the ontat of the dye sensitized substrate surfae with the eletrolyte and
enhanes the light absorption, whereas the olumnar mirostruture may result in a better
harge transport.
Nevertheless the morphology has no relevant inuene on the eletroni struture of the
substrate material, as shown in Setion 6.3. Hene for this work it is not of importane,
whih morphology is present in an experiment.
6.3 Eletroni struture and defets
The eletroni struture of anatase, espeially in form of nanorystallites, is of high interest
for researh and appliation onerning the DSSC. Sine Photoeletron Spetrosopy mea-
surements of nanorystalline anatase is rather seldom, there is an urgent need to perform
suh experiments. Anatase samples produed using the two presented proedures. Those
two materials have been analyzed with respet to hanges of the eletroni struture (see
below).
6.3.1 Survey spetrum of ore level emissions
Photoemission spetra taken at hν =900 eV (Figure 6.7) give an overview of the ore level
emissions of both n-TiO2 and CVD-TiO2. In Table 6.1 the binding energy values of the
ore level emissions are listed, whih were determined from detail spetra of the respetive
emissions.
The measured binding energy values of the Ti 2p and O1s level math reasonably with
literature data, i.e. the XPS data of Orendorz et al. [140℄, who measured as well n-TiO2
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Figure 6.7: Survey spetra of TiO2 taken
at hν = 900 eV, whih shows the most in-
tense ore level emissions.
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EB,exp. 530.8 459.5 285.9 37.9 22.8
EB,lit. 530.7 459.3
Table 6.1: The measured binding energies of the ore levels of TiO2 ompared with literature data
from [140℄ (Ti 2p and O1s only).
prepared by the sol-gel proess. The arbon C 1s emission demonstrates, that a ertain
ontamination level for both sample types is present, whih arises from residuals of arbon
ontaining ingredients of the slurry (n-TiO2) or the single preursor TTIP (CVD-TiO2).
Therefore even for the in situ prepared CVD TiO2 samples a omplete elimination of the
arbon ontamination ould not be aomplished.
6.3.2 Surfae ontributions in ore level emission spetra
In order to gain more information about the dierent elements and their oxidation state
ore level spetra have been taken from the Ti 2p and O1s emission. The Ti 2p and the
O1s ore level have been measured at dierent exitation energies, at hν =600 eV, 900 eV
and with an Al-Kα X-ray soure at 1486.6 eV (Figure 6.8 left top and bottom). Sine a
variation of the exitation energy leads to a hange of depth information, the substrate
has been investigated with dierent surfae sensitivities, whih enables us to distinguish
between surfae and bulk ontribution of the substrate. Values for the IMFP of eletrons
are given in Table 6.2.
6.3.2.1 Ti 2p
The Ti 2p doublet onsists of the Ti 2p3/2 (EB =459.5 eV) and Ti 2p1/2 emission (EB =
465.2 eV), whih are split by 5.7 eV [239℄ due to dierent spin-orbit oupling. To analyze
this ore levels in detail, a tting proedure using Gauss-Lorentz proles has been applied
after a Shirley bakground substration. As important information the spetral line shape
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analysis shows a low binding energy shoulder of the Ti 2p emission relative to the main
emission peak, whih is addressed as Ti
3+
states [264, 265℄. The existene of Ti
3+
is
generally assigned to oxygen vaanies on the surfae [266, 267℄. The emission is shifted
1.6 eV to lower binding energies ompared to the main emission. We observe a lear derease
of the intensity of the Ti
3+
states with dereased surfae sensitivity, as one may follow in
the graph at the right of eah set of presented spetra (Fig.6.8 right top and bottom). It is
important to note, that no intensity of Ti
3+
states is observed with the less surfae sensitive
XPS measurements. These data allow the onlusion that the Ti
3+
states are loated at
the surfae.
Furthermore, the Ti
3+
-intensity for n-TiO2 and CVD-TiO2 is slightly dierent. For CVD
TiO2 a higher onentration is observed, whih is most likely aused by the manufaturing
proess. Unlike the n-TiO2 the CVD-TiO2 was deposited in vauum, ambient air was
exluded. Although titanium tetraisopropoxide (TTIP) is a single soure preursor (refer
to Setion 4.1.2), i.e. both titanium and oxygen are provided as produts of the pyrolysis
proess, the substrate surfae seems to be slightly more redued than it is the ase for
n-TiO2.
For estimating the overage at the surfae by the Ti
3+
states from the spetra a model
desribed by Mönh [268℄ was applied. In this model an exponential damping of the pho-
toemitted eletron intensity between idential and equally spaed lattie planes is assumed.
Aording to this model, the total intensity of the eletrons emitted normal to the surfae
Itot equals
Itot = IS
∞∑
n=1
exp
{
−(n − 1) dhkl
λ
}
(6.1)
= IS
1
1− exp {−dhkl
λ
}
(6.2)
with IS as the intensity of eletrons emitted from the n
th
plane, n as the number of the
plane being loated from another plane by the lattie spaing dhkl and λ being the IMFP
of emitted eletrons in the material. Sine we are interested in the fration of monolayer
overage with Ti
3+
surfae sites, we onsider the ratio of IS/Itot. Hene for the fration of
the surfae ontribution related to the total intensity we an write
IS
Itot
= RS = 1− exp
{
−dhkl
λ
}
(6.3)
The ratio for the surfae intensity IS to the bulk intensity IB, i.e. the intensities of the
layers n = 1 divided by the intensity of the layers from n = 2 to n =∞, is given by
90 CHAPTER 6. THE TIO2 SUBSTRATE
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
I Ti
3+
/T
i4
+ 
[a.
u.]
hν [eV]
ITi3+/Ti4+ vs. hν
nc-TiO2
600 900 1486
surface bulk
in
te
ns
ity
 [a
.u.
]
470 468 466 464 462 460 458 456
binding energy [eV] 
norm. to max.Ti 2p
nc-TiO2
XPS
(hν = 1486 eV)
SXPS
(hν = 900 eV)
SXPS
(hν = 600 eV) Ti3+
Ti4+
bulk
surface
1.6 eV
0.25
0.20
0.15
0.10
0.05
0.00
I Ti
3+
/T
i4
+ 
[a.
u.]
hν [eV]
surface bulk
600 900 1486
ITi3+/Ti4+ vs. hν
CVD-TiO2
in
te
ns
ity
 [a
.u.
]
470 468 466 464 462 460 458 456
binding energy [eV] 
Ti 2p
CVD-TiO2
norm. to max.
SXPS
hν = 600 eV
SXPS
hν = 900 eV
XPS
hν = 1486 eV
Ti4+
Ti3+
surface
bulk
1.6 eV
Figure 6.8: The Ti 2p ore level emission of the TiO2 substrate. left top: The Ti 2p emission from
the n-TiO2 substrate tted with Gauss-Lorentz (Voigt) proles. right top: The related integrated
intensity of the Ti
3+
states relative to the Ti
4+
states. left bottom: The Gauss-Lorentz t for the
Ti 2p emission from the CVD-TiO2 substrate. right bottom: The related integrated intensity of
the Ti
3+
states relative to the Ti
4+
states.
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IS
IB
=
RS
1−RS = exp
{
dhkl
λ
− 1
}
(6.4)
For the (101) surfae the lattie spaing is d101 =3.52 Å. In the following Table 6.2 the
values for the estimated fration of monolayer overage of the Ti
3+
states fML(T i
3+) =
IT i3+/T i4+
IS/IB
are listed. Also values for the exitation energy hν, the kineti energy of the
photoemitted eletrons Ekin, the IMFP λ (from [269℄), the surfae to bulk intensity ratio
IS
IB
and the intensity ratio of the Ti
3+
to the Ti
4+
states IT i3+/T i4+ are provided.
n-TiO2 CVDTiO2
hν [eV℄ Ekin [eV℄ λ [Å℄ IS/IB IT i3+/T i4+ fML(T i3+) IT i3+/T i4+ fML(T i3+)
600 140 6.3 0.75 0.16 0.21 0.26 0.35
900 440 12.0 0.34 0.07 0.21 0.19 0.56
1486 1026 22.1 0.17 0 - 0 -
Table 6.2: The values for the estimated fration of monolayer overage of the Ti
3+
states of both
substrates. The IMFP values have been taken from [269℄.
Under the given assumptions, at the n-TiO2 21% of a monolayer are overed with Ti
3+
sites, whereas for the CVD-TiO2 the surfae onentration ranges from 35% to 56%
perent. The reason for the big deviation between the two values obtained with dierent
exitation energies for the CVD-TiO2 ould be, that the Ti
3+
states might not be ideally
distributed only over the rst monolayer of the material as being assumed in this estimation.
If the Ti
3+
states are additionally loated below the topmost surfae, the intensity of the
Ti
3+
emission will not deay as fast as in the ase of being distributed only over the rst
monolayer.
6.3.2.2 O 1s
The O1s emission has been taken at the same exitation energies like the Ti 2p ore level,
at hν =600 eV, 900 eV and 1486 eV, whih is shown in Figure 6.9. Analogous to the Ti 2p
spetra, the aim is to distinguish between bulk and surfae omponents.
The spetra taken at hν =600 eV show a strong shoulder at higher binding energy with
respet to the main emission. By applying a Voigt prole tting proedure, the ore level
emission ould be deonvoluted into three omponents: The main emission line is loated
at EB =530.8 eV, whih is addressed to bulk oxygen. Aording to literature data [270℄ the
next omponent is shifted towards higher binding energy by 0.9 eV (EB = 531.7 eV). This
omponent is alloated to a bridging oxygen [270, 271℄, i.e. a 2-fold oordinated oxygen
(2-O) at the outermost surfae of the material (see page 37 Fig.2.5). The omponent
at highest binding energy (EB =533.2 eV) is being attributed to hemisorbed OH-groups
or alternatively to attahed hydrogen atoms [270272℄. Moleular water an adsorb from
ambient air (n-TiO2) or from residuals from the pyrolysis of the single preursor TTIP
(CVD-TiO2). But sine moleularly adsorbed water is loated at EB =534.6 eV as shown
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Figure 6.9: The O1s ore level emission of the TiO2 substrate. left top: The O1s emission from
the n-TiO2 substrate tted with Gauss-Lorentz (Voigt) proles. right top: The related integrated
intensity of the surfae oxygen relative to the bulk oxygen states. left bottom: The Gauss-Lorentz
t for the O 1s emission from the CVD-TiO2 substrate. right bottom: The related integrated
intensity of the surfae oxygen relative to the bulk oxygen states.
6.3 Eletroni struture and defets 93
by adsorption of a thik water layer (ompare Figure 7.8),Therefore, it an be exluded to
exist on the untreated sample. From the hange of intensity with surfae sensitivity it is
evident that both omponents at higher binding energy are surfae omponents. For the
bridging oxygen, its relative intensity has been estimated using again the model of Mönh
(Equation 6.4). The monolayer overages IT i−O,s/b are displayed in Table 6.3.
n-TiO2 CVDTiO2
hν [eV℄ Ekin [eV℄ λ [Å℄ IS/IB IT i−O,s/b fML(T i−O,b) IT i−O,s/b fML(T i−O,b)
600 69 5.4 0.92 0.48 0.52 0.49 0.53
900 369 10.6 0.39 0.26 0.67 0.28 0.71
1486 955 20.9 0.18 0 - 0 -
Table 6.3: The values for the estimated fration of monolayer overage of the bridging oxygen
(2-O) on both substrates. The IMFP values have been taken from [269℄.
Sine the ideal anatase (101) surfae has 50% overage with bridging oxygen, the overage
value estimated by means of the 600 eV spetra mathes very well. In ontrast the alulated
monolayer overages from the 900 eV spetra exeed the 50%.
6.3.3 Valene band and band gap
Photoeletron spetra have also been taken with an exitation energy of hν =90 eV in order
to reord the Ti 3p emission line for intensity normalization. In addition, it was possible
to measure spetra with high surfae sensitivity. Finally the valene band struture is
aessible, whih reveals strong similarities of both n- and CVD-TiO2 (Fig.6.10 left).
The titanium and oxygen levels are loated at the same binding energies EB for both kinds
of samples: Ti 3p at 37.9 eV and O 2s at 22.8 eV. A strong feature from around EB =10 eV
to 3.6 eV shows valene band emissions mainly originating from O2p states (see Setion
2.1.3 for details). It has to be mentioned, that the additional spetral features of the
CVD-TiO2 substrate between 20 eV and 13 eV annot be assigned until now.
Detailed measurements have been performed for the gap region between 4 eV up to the
Fermi level (Fig.6.10 right). For omparison a spetrum of rutile has been added. Taking
the leading edge of the valene band maximum (VBM) for both anatase spetra leads to a
value of 3.6 eV, whereas the VBM of the rutile single rystal is at 3.0 eV. As one an see all
samples show gap states at EB =1.3 eV for n-TiO2, 1.2 eV for CVD-TiO2 and 1.1 eV for
single rystalline rutile. In literature those gap states are assigned to oxygen vaanies VO
(see Setion 2.1.4). The intensity of these gap states orrelates with the intensity of the
Ti
3+
states, observed as a low binding energy shoulder of the Ti
4+
emission (see Setion
6.3.2). Additional evidene for the orrelation is given by solvent adsorption experiments
desribed in Setion 7.
Interestingly we observe in the gap region states just below the Fermi level T i3d < EF ,
whose origin is still not lear to date [21℄. The intensity ratio of these states relative to the
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Figure 6.10: left: Valene band spetra of ex-situ prepared n-TiO2 and in-situ prepared CVD-
TiO2. All numbers are binding energy values in eV. right: The gap region between valene band
maximum and Fermi level, that shows oxygen vaanies VO and states just below the Fermi level
T i3d < EF . For omparison a single rystal rutile spetrum has been added.
intensity of the oxygen vaanies vary for the anatase samples, being higher for n-anatase
ompared to CVD-anatase. In ontrast the single rystalline rutile does not show these
T i3d < EF states at all. In the literature the role of states lose to the ondution band
is ontroversively disussed for the performane of the devie. Many groups argue, that
these states play a detrimental role for the devie, beause they may at as reombination
enters [48, 76, 78, 144, 145℄. In ontradition to those groups, Gregg et al. laim that
those states at as a deloalized transport band, whih enhanes eletron transport in the
anatase material [17,80℄. Very reently, Kitao et al. [273℄ performed alulations based on
our spetrosopi data [265℄. They suggest, that the T i3d < EF states may orrespond
to intrinsi aeptor states, whih enhane eletron transfer from the dye to the TiO2
substrate. However, in literature it is not distinguished learly between the VO and the
T i3d < EF states for disussing their role within the devie. A possible solution of this
ontroversy might be, that on one hand the VO states at as reombination enters and on
the other hand the T i3d < EF states play a beneial role for the DSSC.
6.3.4 ResPES of bandgap states
Experiments at anatase single rystals onduted by Thomas et al. [131,134℄ indiate, that
the oxygen vaanies VO an be resonantly exited from the Ti 3p level. Thus the VO related
states ould be assigned to result from Ti 3d orbitals. Unlike the nanorystalline anatase
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samples used in this work, the used single rystals did not show the T i3d < EF states.
In order to gain more information about the T i3d < EF states ResPES experiments have
been performed. In this work two resonane exitations have been used, the T i3p → T i3d
resonane (Fig.6.13 left) and the T i2p → T i3d resonane (Fig.6.13 right). For this purpose
the exitation energy was hanged in 1 eV steps aross the region where the respetive
resonane ours. Sine the intensity of the inident photons hange with time, the spetra
have been normalized to the beam urrent.
Variation of the ionization ross setion In addition to the hange of photon intensity
with time, the photoionization ross setion of atomi orbitals varies with the exitation
energy. As an approximation for the analysis the theoretial ross setion of free atoms
as a funtion of the photon exitation energy after Yeh and Lindau has been taken [274℄,
whih is shown in Fig.6.11.
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Figure 6.11: The digitized photoion-
ization ross setion data of Ti 3p as
a funtion of the exitation energy hν
after Yeh&Lindau [274℄. The frames
indiate the measured area around the
respetive resonanes.
Espeially within the area of the T i3p → T i3d resonane the variation of the ross setion
is large. In order to eliminate the dependeny of the photoemission signal intensity on the
ross setion, the ResPES spetra shown in Fig. 6.13 have been orreted by the value of
the atomi ross setion after being normalized to the beam urrent.
Additional bandgap state intensity indued by synhrotron irradiation In this work
it has been observed, that additional gap state intensity was produed upon exposure to
synhrotron radiation over a larger time sale. In Figure 6.12 the intensity inrease of both
VO states and T i3d < EF states as a funtion of exposure time to synhrotron radiation
is shown. In order to minimize this dynami eet on the ResPES measurements, the
sample has been irradiated for at least 10min with synhrotron light before taking the rst
spetrum. Nevertheless we observe also on not exposed samples still a ertain amount
of gap states, whih means that the formation of additional gap states by synhrotron
radiation only aets quantitative values to some extent.
Due to this dynami reation of gap state intensity, the ResPES spetra (Fig. 6.13)
have been orreted by the amount of additionally produed gap states upon exposure to
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synhrotron light. Sine it is known, at whih time eah ResPES spetrum has been taken,
the spetra have been divided by the relative intensity shown in Fig. 6.12 right.
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Figure 6.12: The intensity of gap states depends on the exposure time to synhrotron radiation.
left: Photoemission spetra of the bandgap region taken at the quadrapole U49 / PGM2. middle:
Spetra taken at the dipole TGM7. right: Comparison of the relative gap state intensities, starting
with 1 for the not exposed sample. The values have been linearly extrapolated to 70min exposure
time.
Berger et al. [275, 276℄ observed by Eletron Paramagneti Resonane (EPR), that ele-
trons, whih are exited with UV irradiation to the ondution band, are trapped subse-
quently by Ti
3+
states in the band gap. Sine we observe an intensity orrelation between
the Ti
3+
states with the Ti 3d VO states in the band gap as desribed below, this trapping
of eletrons with exposure to synhrotron radiation may be appliable for the observed
prodution of gap states.
The orreted ResPES photoemission spetra The measurements have been taken at
two dierent beamlines: The quadrapole U49/PGM2 beamline (Fig.6.12 left), at whih
the photon intensity is muh higher than at the dipole TGM7 beamline (Fig.6.12 middle).
For the intensity orretion of all spetra, the variation of photon intensity with time, the
hange of the ionization ross setion as a funtion of the exitation energy and the intensity
inrease of gap states due to synhrotron exposure has been taken into aount as desribed
above. As it an be seen from the omparison of the relative gap state intensities, inluding
both the VO and the T i3d < EF gap states (Fig.6.12 right), the gap state intensity inreases
more than 5 times during the rst 5min of exposure at the U49/PGM2 beamline, whereas
at the TGM7 the intensity the gain is only about 36%. It is notieable, that the slope of
the relative intensity growth (Fig.6.12 right) dereases with time.
Surprisingly the intensity of the T i3d < EF states relative to the VO states is muh smaller
in the ase of the T i3p → T i3d resonane than for the T i2p → T i3d resonane. Using
dierent photon energies for the photoemission experiments, as it is the ase for the dierent
6.3 Eletroni struture and defets 97
in
te
ns
ity
 [a
.u.
]
4 3 2 1 0
binding energy [eV] 
Ti3p    Ti3d 
resonance
nc-TiO2
corrected by
cross section
and
synchrotron exp.
Eexc.
[eV]
90
70
54
52
49
47
46
45
48
44
42
40
in
te
ns
ity
 [a
.u.
]
4 3 2 1 0
binding energy [eV] 
Ti2p    Ti3d
resonance
nc-TiO2
corrected by
cross section
and 
synchrotron exp.
Eexc.
[eV]
480
470
468
466
465
464
463
462
460
455
450
in
te
ns
ity
 [a
.u.
]
4 3 2 1 0
binding energy [eV] 
Ti3p   Ti3d
resonance
CVD-TiO2
corrected by
cross section
and
synchrotron exp.
Eexc.
 [eV]
90
70
54
52
49
48
47
46
45
44
42
40
Figure 6.13: ResPES measurements showing the gap region ≤ 4 eV. left: The T i3p → T i3d
resonane of n-TiO2, measured at the TGM7 beamline. middle: The T i2p → T i3d resonane
of n-TiO2, whih has been reorded at the U49/PGM2 beamline. right: For omparison the
T i3p → T i3d resonane of CVD-TiO2 is shown (taken at the TGM7 beamline).
resonane exitations, auses dierent inelasti mean free paths (IMFP) of eletrons in the
material, sine the kineti energy Ekin of the photoemitted eletrons is hanged as well.
This is quantitatively displayed by the bathtub urve on Page 61 (Fig.3.2). Beause the
exitation energy for the T i2p → T i3d resonane is muh higher than for the T i3p → T i3d
resonane, the inelasti mean free path (IMFP) is muh higher as well. For instane, at
hν = 50 eV the kineti energy of eletrons from the Ti 3d orbital is Ekin = 48.7 eV. Thus
the IMFP amounts to λ=5.3 Å, whereas at hν =460 eV (Ekin =458.7 eV) it is 12.3 Å for
anatase [269℄. The surfae sensitivity is muh higher at smaller exitation energies, and it
an be onluded, that the T i3d < EF states are, unlike the VO states, not loated at the
outermost surfae. Therefore we address those states as subsurfae states.
In order to quantify the ResPES spetra with respet to the resonant maximum, the inten-
sities of the VO and the T i3d < EF states are displayed in Fig.6.14.
Conerning the T i3p → T i3d resonane, the intensity maximum for the VO states and the
T i3d < EF states is at hν =44 eV for both substrates. For the T i2p → T i3d resonane
the intensity maximum for the VO states is loated at hν =464 eV. Interestingly at the same
exitation energy the T i3d < EF state has a loal minimum, whih has been onrmed by
repeating this partiular measurement.
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Figure 6.14: The intensity as a funtion of exitation energy of the spetral features for the ResPES
measurements from Fig. 6.13 within the bandgap. left top: The relative intensity of the VO states
for the T i3p → T i3d resonane. right top: The relative intensity of the T i3d < EF states for the
T i3p → T i3d resonane. left bottom: The relative intensity of the VO states for the T i2p → T i3d
resonane. right bottom: The relative intensity of the T i3d < EF states for the T i2p → T i3d
resonane.
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6.3.5 Disussion of the results
In the following the experimental results of this setion, onerning the eletroni struture
and defets of the substrate, are explained in terms of three dierent models, shown in
Figure 6.15.
Figure 6.15: Three dierent models for the eletroni struture of the substrate employed in this
work. a) This model takes only one TiO2 phase into aount. b) The agglomeration of oxygen
vaanies produe the T i3d < EF states. This model an bee seen as an intermediate ase of model
a) and ). ) In this ase the substrate material onsists of two dierent phases.
As already mentioned in Setion 6.3.3, the VBM of both anatase materials is found at
EB =3.6 eV, and the oxygen vaany states VO are at EB =1.3 eV within the bandgap.
In the ase of assuming one anatase phase and the rigid band model (see Fig.6.15 a))
the Fermi level has to be 400meV above the ondution band minimum (CBM), sine the
optial fundamental band gap of anatase is 3.2 eV. Thus the T i3d < EF states are oupied
states above the CBE, whih implies that the semiondutor is degenerated. In addition,
this model addresses the T i3d < EF states as ondution band states. Within this model
the T i3d < EF states are regarded as deloalized and not as surfae states.
A seond model onsiders a new phase formed by defets, whih oexist loally on the
material, i.e. a metalli Ti2O3 phase on the surfae and a TiO2 bulk phase below (Fig.6.15
)). Beause of the metalli harater of Ti2O3, the eletroni states are oupied up
to the Fermi level without signiant bandgap. Thus at 3.6 eV we have an O 2p DOS
onset instead of an VBM. Then the T i3d < EF states originate from the ondution band
of the Ti2O3 phase on the surfae. The Fermi level is loated at the CBM of the TiO2
phase, whih would mean that no oupied states are in the ondution band. Sine the
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oxygen vaanies are addressed as surfae states, they originate from the Ti2O3 surfae
phase, or they belong to the fration of TiO2 whih is not overed by Ti2O3. Another
hint for the existene of a Ti2O3 phase at the surfae is given: Espeially with surfae
sensitive measurements we observe a ertain emission intensity between the O 2p onset and
the oxygen vaanies, whih is muh lower in intensity in the spetra with lower surfae
sensitivity. A spetrum of Ti2O3, taken from literature [277℄, shows this DOS between the
valene band onset and the gap states as well (Fig. 6.16).
Figure 6.16: An UPS spetrum of Ti2O3, taken
from literature [277℄ shows DOS between the va-
lene band onset and the gap states.
The model shown in the middle in Figure 6.15 b) takes an agglomeration of oxygen va-
anies VO on the surfae of the material into aount. This model is onsidered being an
intermediate ase between the two other models desribed above, i.e. the material does not
yet onsist of two dierent phases. But the density of oxygen vaanies is suiently high to
allow the formation of another band of eletroni states resulting in the T i3d < EF states,
due to the interation of these states with eah other. Sine no experimental evidene of
the existene of another phase on the surfae of TiO2 is given by the performed GIXRD
measurements shown in Setion 6.1.1, this intermediate ase is most likely representing the
reality.
7 TiO2/solvent interfae
In this setion we will have a look at the interation of the solvent with the pristine anatase
substrate. As solvents the polar solvent aetonitrile and the unpolar solvent benzene were
hosen.
7.1 Adsorption of aetonitrile / benzene on TiO2
Aetonitrile as the solvent for the redox ouple I
−
/I
−
3 is widely used, beause it is an aproti
1
and volatile solvent, whih ensures a fast ion mobility. The high polarity of the solvent is
responsible for a high solvation enthalpy, as shown on page 50, Table 2.2. In order to
ompare aetonitrile with the adsorption behavior of a solvent with low polarity, benzene
has been hosen.
7.1.1 Coverage by the adsorbed solvent
Core level analysis: To estimate the overage by an adsorbant, basially two possibilities
are given in Photoeletron Spetrosopy: Either by the intensity hange of harateristi
emissions of the adsorbant, or by the attenuation of the substrate emissions. Beause
the substrate is always ontamined with arbon due to its manufaturing proess (Figure
7.1 right and left), the adsorbant C 1s emission line ould not be taken for estimating the
overage by the adsorbed solvent. Thus the attenuation of the substrate Ti 2p signal due
to the overage by the adsorbed solvent was used for estimating the overage assuming a
at substrate surfae. In terms of this overage estimation, Equation 3.9 (on Page 63)
has been used. Sine no inelasti mean free path λ (IMFP) data exists for the investigated
solvents, the average value of the IMFP for organi ompounds measured by Tanuma et
al. [278℄ has been taken as an approximate value. Sine the kineti energy of eletrons
is around 150 eV for the Ti 2p at hν = 600 eV, the approximate IMFP of eletrons in the
solvent amounts to 8.3 Å.
The ore level emissions of the adsorbed solvent show, that solvent moleules are atually
adsorbed on the surfae. In Figure 7.1 left and middle we observe an inrease of intensity
at EB =287.3 eV (C1s) and 400.9 eV (N 1s), whih is attributed to aetonitrile. In analogy
(Figure 7.1 bottom) the inreasing signal at EB = 285.8 eV is due to benzene adsorption.
1
In an aproti solvent hydrogen atoms are bound ovalently to arbon atoms. They annot be split o easily,
whih avoids photoreations with the sensitizing dye.
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Figure 7.1: The photoemission lines of the respetive adsorbed solvent measured with highest
surfae sensitivity (Ekin ≈ 50 eV). top left: C1s ore level emission of aetonitrile (CH3CN) taken
at hν = 330 eV. top right: The N 1s emission line of aetonitrile (hν = 450 eV). bottom: The C 1s
emission line for benzene (C6H6) taken at hν = 330 eV.
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Valene band analysis Valene band spetra were taken with an exitation energy of
hν = 90 eV for both CH3CN and C6H6 adsorption (Fig.7.2). The spetra were reorded
from thik solvent layers on top of TiO2 substrate and they are normalized to the Ti 3p
level. Dierene spetra have been alulated: The substrate spetra has been subtrated
from the adsorption spetra in order to gain the pure adsorbate spetra. These solvent
adsorption spetra (Fig.7.2 bottom) are ompared to literature data (Fig.7.2 top). As one
an see, the spetral features in the adsorbate spetra math those of the literature data.
Figure 7.2: Valene band spetra of solvent adsorption on TiO2 ompared to literature data.
left: The aetonitrile spetrum (bottom) ompared to a gas phase spetrum (top) from literature
(extrated from [279℄). For better visibility the literature spetrum has been aligned energetially
to the experimental data below. right: The benzene spetrum (bottom) and an literature benzene
spetrum (top) from an adsorption experiment (extrated from [280℄).
In the literature the binding energies of the moleular orbitals (MO) are listed for ae-
tonitrile [279, 281℄ and benzene [280, 282℄ as obtained from photoemission spetrosopy.
The spetra for atonitrile are from the gas phase, whereas the benzene literature data are
from adsorption experiments. Our experimental data presented above is ompared with the
literature data in Table 7.1.
In the ase of benzene the values in literature math very well with our data. For aetonitrile
a diret omparison is not possible, sine the literature values are referred against the
vauum level (ionization potential given) and our data are referred against the Fermi level.
Thus the work funtion of the sample has to be subtrated from the literature data to
obtain binding energy values. Moreover the aetonitrile spetrum does not show as well
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aetonitrile benzene
MO EB(exp) [eV℄ EB(l it) [eV℄ MO EB(exp) [eV℄ EB(l it) [eV℄
2e 7.7 - 8.3 11.30 - 12.90 1e 5.1 5.1
7a1 8.3 - 9.6 12.90 - 14.25 1a2/3e2 7.7 7.9
1e 11.4 - 12.8 14.75 - 16.85 1b2/3e1 10.0 9.8
6a1 12.8 - 14.3 16.85 - 19.30 2b1 11.3 11.0
5a1 20.2 23.00 - 27.00 3a1 12.5 12.4
4a1 23.1-31.3 27.00 - 33.00
Table 7.1: The experimental data of the binding energies of moleular orbitals of aetonitrile and
benzene ompared with literature values.
dened peaks as the benzene spetrum, so the values ould only roughly be estimated. We
observe that the values from literature are 3.7-4,8 eV at lower binding energy ompared to
the experimental values. On one hand the workfuntion of adsorbed aetonitrile has to be
taken into aount. On the other hand a nal state eet like sreening of the photohole
by eletron density of the TiO2 substrate in the ase of adsorbed aetonitrile leads to a
higher kineti energy of the photoemitted eletron (i.e. lower binding energy).
In the aetonitrile spetrum we suppose an OH ontribution in the binding energy range of
23 - 31 eV, but it is superimposed by the 4a1 moleular orbital. The OH signal is probably
due to water ontamination. This is disussed below in the ontext with measured oxygen
ore level analysis (Setion 7.1.4).
7.1.2 Interation between solvent and oxygen defets
Ti 2p ore level data Photoeletron spetra were taken of the Ti 2p emission at a photon
energy of hν = 600 eV for observing the interation of the adsorbed solvent with the pristine
substrate with high surfae sensitivity (Fig.7.3). After a Shirley bakground substration
has been performed all spetra have been normalized to the maximum of the Ti 2p main
emission peak at 459.5 eV to exlude damping due to overage by the adsorbate.
Both aetonitrile (CH3CN) and benzene (C6H6) has been adsorbed in ultrahigh vauum
(UHV), aording to the experimental proedure desribed in Setion 4.2.3. It has to be
mentioned, that due to tehnial reasons it was not possible to adsorb benzene onto the n-
TiO2, thus the CVD-TiO2 has been used instead. As already presented in Setion 6.3.2.1
the relative intensities of the Ti
3+
states dier between both substrate types.
In order to quantify the intensity variation of the Ti
3+
states relative to the Ti 2p main signal,
the tted Voigt proles have been integrated. The integrated intensity has been normalized
to the initial intensity of the untreated substrate and plotted against the estimated overage
(Fig.7.3 bottom). With adsorption of both aetonitrile (Fig.7.3 top left) as a polar solvent
and benzene (Fig.7.3 top right) as an unpolar solvent we notie a derease of intensity of
the Ti
3+
states at 1.6 eV lower binding energy ompared to the main emission. Therefore
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Figure 7.3: The Ti 2p ore level emission line taken at hν = 600 eV top left: Spetra in dependene
on adsorbed aetonitrile as a polar solvent. The aetonitrile (CH3CN) 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ated for eah
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tted with Voigt pro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overage by adsorbed solvent.
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it an be onluded that the solvent moleules interat with the Ti
3+
sites on the surfae.
For aetonitrile adsorption the intensity dereases muh faster than in the ase of the
benzene adsorption, whih is a hint for a stronger interation of aetonitrile moleules with
the substrate ompared to benzene. Due to an inrease of intensity upon annealing to
room temperature, a reversible of the adsorption of both solvents an be dedued. The
reversibility of the adsorption indiates that both kind of moleules are not bound to the
substrate by a dissoiative bond formation. We suggest a donor like interation of the lone
pair eletrons of the solvent moleule with the titanium atoms of the substrate.
The interation of the Ti
3+
sites with the solvent is in ontradition to the results of Zhuang
et al. [213℄, who found by Infrared Spetrosopy that for the adsorption of CH3CN onto
liquid nitrogen ooled TiO2 the vibroni frequeny of the CN group mathes the bonding
of CH3CN adsorbed onto Ti
4+
sites. Thus they onluded, that no adsorption on Ti
3+
sites our due to sterial reasons. One an speulate about the reasons, but most likely
the morphology of the not sintered TiO2 powder used by Zhuang et al. diers from the
morphology of our sintered n-TiO2 and CVD-TiO2.
Ti 3d valene band features As one an see from the spetral development with adsorp-
tion (Fig.7.4 top left and right), both solvents quenh espeially the oxygen vaany states
in a similar way as seen for the Ti
3+
states in the Ti 2p emission (Fig. 7.3). Thus it is
onluded, that the Ti 3d oxygen vaany (VO) states in the bandgap are orrelated to the
Ti
3+
states.
The spetra in Figure 7.4 have been normalized to the O2s emission at EB =6.4 eV in order
to exlude damping due to overage of the adsorbed solvent. For the Gauss-Lorentz t a
Shirley bakground has been onsidered.
In the ase of aetonitrile adsorption on TiO2 (Fig.7.4 top left), the initial intensity of
oxygen vaany states dereases rapidly even at low overages of 0.8 Å. Interestingly the
intensity of the T i3d < EF states stays almost at the same level, only at a overage of
2.1 Å the T i3d < EF states are redued in intensity. Upon annealing at room temperature
for 30min both VO and T i3d < EF state gain in intensity again.
Zhuang et al. [213℄ have observed dierent adsorption sites of aetonitrile on the TiO2
surfae using IR spetrosopy. Besides the adsorption of the solvent moleules on the
eletron aepting Ti
4+
sites (Lewis aid sites) as mentioned above they have observed
the adsorption on proton donating OH groups on the substrate surfae (Brønsted aid
site bonding). The authors exlude the adsorption on Ti
3+
states as already mentioned
in Setion 7.1.2. Sine aetonitrile is an eletron donor (Lewis base), it seems to be
ontraditory at the rst plae, that the Lewis aid site bonding on the redued and eletron
donating Ti
3+
may our. But as we observe the quenhing of the Ti
3+
states, there must
be an interation between Ti
3+
states and aetonitrile as well. It might be the ase, that the
atual reation mehanism is not as simple as being proposed by Zhuang et al. [213℄ (see
Setion 2.3.5.1, page 54). A possible reation mehanism for the CH3CN adsorption onto
the Ti
3+
states is, that CH3CN donates its nitrogen lone pair eletron forming a hemial
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bond with the Ti sites. Consequently, the eletron of the Ti
3+
needs to be transferred into
the ondution band.
In ontrast to Zhuang et al, some publiations propose a photohemial reation [214,215,
220℄ involving H2O and OH on the substrate surfae to form aetamide speies (CH3CONH)
to form stable bonds on the substrate surfae. This would imply an irreversible reation,
whih ontradits the observed reversibility of the adsorption proess of aetonitrile (des-
orption upon annealing to room temperature).
By adsorbing benzene we found a qualitative similar behaviour onerning the interation
with the gap states, but quantitatively it is ompletely dierent. The Ti
3+
states are
quenhed upon adsorption of benzene as well, but we observe that muh higher overages
are needed to ahieve the same amount of quenhing. But as one an see from the intensity
dependene (Fig.7.4 bottom), we observe, that the T i3d < EF states just below the Fermi
level are not quenhed. We relate that this quantitatively dierent behaviour is aused
by the dierent adsorption mehanism of the benzene moleules on the surfae. For non
hydroxylated rutile (110) surfaes it was observed that the benzene ring moleules lie at
on the 5-fold Ti
4+
-sites [223,225℄. In the ase of hydroxylated surfaes like on our samples
the bonding to OH groups on the surfae by the benzene moleules is weaker [221, 222℄
than the diret interation with the Ti atoms. We also propose a donor like interation
of the ring πsystem with Ti-sites, but we expet a weaker donor harater ompared to
aetonitrile.
Aordingly to the Ti
3+
states in the Ti 2p spetra the Ti 3d VO states observed with pho-
toemission on pristine TiO2 [21, 283℄ are also quenhed by solvent adsorption (Fig.7.4).
This parallel behavior onrms, that both oxygen vaany states and Ti
3+
states are or-
related. Sine the adsorbate is interating with the substrate surfae only, the quenhing
of both VO and Ti
3+
states asserts, that both states are loated at the surfae and belong
to the same Ti speies.
7.1.3 Work funtion hanges
To see a hange in the work funtion of the substrate the seondary eletron edges (SEE)
have been reorded at hν =50 eV (Figure 7.5). The seondary eletron edge is the onset
of emitted eletrons, whih have zero kineti energy, thus their binding energy appears at
EB = hν−φ. Beause eletrons of a kineti energy down to 0 eV may not reah the detetor,
a bias of 10 V has been applied between the sample and the analyzer.
It has to be mentioned, that our interest is mainly to look at trends of the work funtion,
but not to determine its absolute values. Nevertheless, the absolute value of the work
funtion of φ= 3.6 - 3.8 eV mathes quite well with Ultraviolet Photoemission Spetrosopy
data of Orendorz et al. for pristine anatase (φ=3.7 eV). But sine the TiO2 substrate
has a nanorystalline morphology, the surfae exhibits a lot of edges and kinks with a
distribution of dierent work funtions ompared to a single rystalline surfae. Therefore
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Figure 7.5: The trend
of the work funtion
for the adsorbed sol-
vents. left: Aetoni-
trile adsorption. right:
Benzene adsorption.
the determination of absolute values of the work funtion may diverge from sample to
sample.
The SEE provides important hints regarding the adsorption of the aetonitrile as a polar
solvent and benzene as an unpolar solvent. For analyzing the work funtion, the onset of
the seondary edge has been taken. Inspeting the ourse of the SEE for both solvents, we
observe a ontinuous shift towards lower work funtions. Upon adsorption of aetonitrile it
is up to 0.35 eV, whereas in the ase of benzene adsorption only a very small shift of 0.06 eV
ours. Upon adsorption of more benzene the work funtion does not hange any more.
Interestingly after annealing to RT in the ase of benzene adsorption the work funtion
dereases further, whereas for the aetonitrile experiment the work funtion shifts bak to
higher values.
Figure 7.6: The adsorption
of aetonitrile onto the un-
treated TiO2 substrate on a
a) Lewis aid site and b)
Brønsted aid site. The dipole
points towards the substrate
surfae, thus the work fun-
tion is redued.
In ase of aetonitrile, the derease of the work funtion upon adsorption is due to the fat,
that aetonitrile is a polar moleule. Sine we observed an interation of aetonitrile with
the Ti
3+
states, we assume a Brønsted site interation similar to Setion 2.18, page 55 as
depited in Figure 7.6. The aenitrile moleules are arranged towards the sample in a way,
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that the positive end of the dipole points away from the substrate surfae. Therefore, the
work funtion of the substrate is redued, beause photoemitted eletrons are aelerated
by the dipolar drop into vauum.
For benzene the small shift might arise from the adsorption of small amounts of moleular
water onto the surfae. Interestingly this trend ontinues upon desorption. This might be
in line with the results observed at the O 1s level (Fig.7.7 right), where the OH ompo-
nent, whih is observed for the untreated substrate, disappears upon annealing to room
temperature. In other words the protonation of the surfae upon annealing is lower than for
the initial state of the substrate. A protonated surfae, whih is harged positively, leads
to a downward shift of the Fermi level. Thus the deprotonation of the surfae parallel to
benzene desorption leads to an upward shift of the Fermi level, i.e. a derease of the work
funtion.
7.1.4 Solvent-oxygen interation
O 1s ore level lines In order to investigate the solvent interation on the oxygen site, the
O1s spetra has been reorded at hν =600 eV exitation energy. As mentioned in Setion
7.2, the untreated substrate does not exhibit moleularly adsorbed water at the surfae. But
at least some amount of hydroxyl is present at the surfae. As one an see from Fig.7.7 top
left and right, for both aetonitrile and benzene adsorptions the shoulder at higher binding
energies is rising parallel to the amount of adsorbed solvent. The deonvolution into Voigt
proles shows learly, that this is mainly due to the omponent being attributed to OH
groups. In addition we note a very small intensity inrease of a omponent, whih may be
assigned to moleularly adsorbed water. For quantiation, the intensity rise of both OH
and H2O is shown in dependene of the solvent overage in Figure 7.7 bottom. Aordingly,
both OH and H2O intensities rise linearly.
In order to attribute this intensity rise, one may think of a photoreation of the solvent
aused by the synhrotron beam. But Zhuang et al. [213℄ state that for a photooxidation
of aetonitrile, O2 gas is neessary, whereas the presene of OH or H2O on the surfae is
not suient for this reation. Sine we measure the samples in ultrahigh vauum at a base
pressure of 10
−10
mbar, no oxygen gas is present. In the ase of benzene a deomposition on
TiO2 has been exluded by Zhou et al. [225℄ under the given onditions (LN2 temperature,
absene of an atalyti metal like palladium). Thus based on these studies, we exlude that
this OH ontribution is aused by a photoreation.
If one assumes that the intensity inrease of the O 1s shoulder is due to a ontamination
soure, there are basially two possibilities, where the water ould originate from: Either it
omes from the ambient or the solvent is ontaminated with water. Sine we operate in
ultrahigh vauum at a base pressure of 10−10mbar, the ambient seems to be rather unlikely
to be a soure for water. On the other hand ultrapure solvent has been used and the solvent
soure has been puried (Setion 4.2.3). However, despite a very areful preparation of the
adsorption it seems to be possible, that a slight ontamination by water was not avoided.
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tra during solvent adsorption. left: The aetonotrile adsorption.
right:The benzene adsorption. bottom up: The intensity of the OH- and bottom down: water
omponent relative to the O 1s main signal.
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Annealing to room temperature shows a reversible behavior for both solvent adsorptions.
Interestingly for benzene, the desorption even goes beyond the initial state regarding the
OH omponent. Upon desorption this omponent vanishes entirely.
7.2 Water adsorption
Basially water has to be onsidered as an unwanted side eet during the adsorption of the
solvents on the sample at liquid nitrogen (LN2) temperatures. Sine at least aetonitrile is a
hydrophili solvent, the adsorption of water either out of the solvent or, whih is onsidered
being rather unlikely at a base pressure of 10−10mbar, from the ambient, might our
during solvent adsorption. In order to be able to evaluate, how water indues hanges in
the ore and valene levels and in the bandgap, adsorption experiments with water have
been aomplished. In Figure 7.8 photoeletron spetra for the adsorption of water on
n-TiO2 are displayed.
Looking at the O 1s ore level (Fig.7.8 top) shows moleularly adsorbed water (a thik
layer) at a binding energy of 534.6 eV. Thus moleularly adsorbed water an be exluded
being initially present on the substrates as shown in Setion 6.9.
The stepwise adsorption of water is evidened by the valene band spetra, shown in Figure
7.8 bottom left. At higher overages extra emissions belonging to well known three moleu-
lar orbitals of moleularly adsorbed water an be learly identied: The nonboning 1b1 state
at EB ≈ 9 eV, the partly bonding 3a1 state at around 11.5 eV and the bonding 1b2 state at
around 15 eV binding energy. The involved atomi orbitals are listed by Thiel et al. [284℄.
These emission lines have been observed in several photoemission studies [187, 285289℄.
The Ti 3p and the O2s emission belonging to TiO2 is damped, whereas the O 2s level
belonging to H2O (the 2a1 orbital) inreases in intensity. As one an see the adsorbate
emissions shift towards higher binding energy, whereas the substrate emissions do not shift.
Mayer [187℄ has found, that this adsorbate shift is aused by the reation of an interfae
dipole between the substrate and the adsorbed water moleules. Furthermore Mayer found,
that the ionization potential of the adsorbed water is onstant.
Of speial interest for this work the bandgap spetra are shown by Figure 7.8 bottom
right. They have been reorded at hν =50 eV lose to the T i3p → T i3d resonane and
normalized to the beam urrent. The normalization to the Ti 3p level was not possible, sine
with 50 eV exitation energy the Ti 3p level annot be exited. Alternatively the spetra
have been normalized to the beam urrent. It has to be noted, that the beam urrent
normalization does not exlude the damping by the adsorbate. Therefore the intensity of
the bandgap states is underrated by the amount of damping. The absolute intensity of
the VO states is dereasing by adsorption of water, as it an be seen at lower overages.
Interestingly they seem to inrease again, beginning at the adsorption step at a overage
of 1.8 Å, whih are exeeding the original intensity at the 8.3 Å overage by far.
But the intensity rise of the states in the bandgap is due to a dierent kind of eletroni
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states aused by the adsorption of water. They have been addressed being hydrogen in-
dued surfae states by Feibelman et al [285℄ in a photoeletron spetrosopy study on
titanium (0001). In that study with further adsorption these hydrogen indued surfae
states derease, whih is onrmed by our results. A similar intensity rise of bandgap states
was also found on rutile surfaes by Kurtz et al. [290℄ and Di Valentin et al. [291℄. For us
the interesting point from that is, that an unwanted oadsorption of water oming along
with the adsorption of solvent layer would lead to an apparent inrease of bandgap state
intensity. But as we ould see from Figure 7.4, the bandgap state intensity is dereased by
the adsorbed solvents (CH3CN or C6H6).
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7.3 Disussion of the results
In the bandgap spetra, we observe a large derease of VO states by adsorbing aetoni-
trile, whereas the intensity of the T i3d < EF states is only slightly aeted (Figure 7.9).
Therefore the adsorbed aetonitrile evidently has a dierent inuene on the two kinds of
bandgap states. The slope of the intensity derease of the Ti
3+
states lies in between
the two bandgap state intensity dependenies. This suggests, that the Ti
3+
states are
orrelated with both VO and T i3d < EF states.
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Figure 7.9: The intensity dependene
of the VO, T i3d < EF and Ti
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of the aetonitrile adsorption onto the
bare TiO2 substrate.
Surfae states are ommonly addressed [48, 76, 78, 144, 145℄ to play a deleterious role for
the DSSC in a way, that they provide a reombination path for photoinjeted eletrons
(Fig.7.10).
Sine the DOS of the VO states is quenhed strongly and the T i3d < EF states are only
weakly quenhed by aetonitrile, this solvent has a beneial impat on the DSSC. By the
strong quenhing of the VO states, the adsorbate prohibits to some degree eletrons to
reombine with the holes in the HOMO level of the sensitizing dye. On the other hand the
weak passivation by adsorbed aetonitrile with the T i3d < EF states allows the onlusion,
that these T i3d < EF states are not loated at the surfae. Probably these states inrease
the ondution of the photoinjeted eletrons to the ell ontat, being beneial for the
ell performane.
The performed work funtion measurements (Fig. 7.5) evidene, that adsorbed aetonitrile
forms a dipole pointing towards the substrate (Fig. 7.6), whih means, that aetonitrile
interats with its nitrogen atom with oordinatively nonsaturated Ti
3+
states.
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Figure 7.10: Reombination of pho-
toinjeted eletrons via oxygen vaany
states. Upon solvent adsorption the oxy-
gen vaany state intensity (dashed line)
is quenhed to some extent (solid line).
8 TiO2/N3 Ru dye interfae
In this hapter the sensitizing dye RuL'2(NCS)2 is haraterized with respet to its hemial
omponents, whih are resolved in the photoeletron spetra. Appropriate ore level spetra
have been taken with highest surfae sensitivity. Also the interation of the dye with the
TiO2 substrate has been investigated.
8.1 Components of the dye
The adsorption of the sensitizing dye on TiO2 has been aomplished as desribed in Setion
4.2.2. By taking spetra of the appropriate ore level emissions belonging to the dye atoms,
the omponents of the dye are quantied in the following.
8.1.1 Carbon and Ruthenium
The omponents of the spetra In order to identify the dierent omponents of the
dye, the C 1s signal has been measured. For reording the C 1s spetra an exitation energy
of hν = 330 eV yielding highest surfae sensitivity has been hosen, sine we obtain only
monolayer overage of the dye on the substrate.
As a substrate insitu prepared CVD-TiO2 has been hosen in order to avoid ontamination.
But as one an see there is a small ontamination level present on the untreated substrate,
whih originates from the sample preparation proess by itself. It is a reation produt
and annot be removed ompletely by heating. To obtain the pure C 1s spetra of the
dye sensitized sample (Fig.8.1 left, top), the substrate spetrum has been subtrated from
the dye spetrum. The spetra have been normalized to the Ti 3d emission to exlude
attenuation of the signal by the arbon ontamination.
The C 1s spetra shows several hemially shifted omponents. In order to assign the
dierent omponents within the C 1s signal, a t by Voigt proles has been performed. The
t onsists of three C 1s emission line proles and one doublet displaying the ontribution
from the Ru 3d emission. The spin orbit split between the Ru 3d5/2 and the Ru 3d3/2 level
amounts 4.2 eV [239℄. Beause the Ru 3d3/2 signal is superimposed ompletely by the C 1s
signal, its intensity has been assumed by the intensity ratio of 2:3 for d-orbitals.
Similar to Liu et al. [292℄ the binding energy of the Ru 3d5/2 signal is EB = 281.6 eV. Com-
pared to the results of Johansson et al. [159℄, the binding energies of the Ru 3d and the
C 1s signal are shifted about 0.6 eV towards higher values. This binding energy dierene
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Figure 8.1: left: The C1s emission (hν = 330 eV) of the dye adsorbed on the TiO2 substrate.
right: The moleular struture of the N3 dye showing the positions of the dierent arbon atoms
(marked atoms).
of 0.6 eV arises from dierent binding energy normalization: Johansson et al. aligned the
binding energy by setting the Ti 2p3/2 to 458.6 eV, whereas we use the Fermi edge for the
binding energy alignment. The dierent arbon omponents have been addressed aording
to Liu et al. [292℄: Aromati arbon (CC) at EB = 285.5 eV, CN arbon at 286.7 eV and
arboxyl arbon (CO) at 289.4 eV. The arbon of the NCS (thioyanate) group (NC
S) has not been tted separately, sine it is loated very lose to the CN omponent.
Therefore it is not feasible to separate it from the CN omponent.
Relative atomi onentrations In the following the atomi onentration of the re-
spetive arbon atoms in the dye moleule relative to the ruthenium enter atom has been
estimated. By means of the Voigt proles of the respetive emission lines the relative
onentrations of the atoms in the moleule an be determined aording to Equation 3.8
(page 63). One has to onsider, that the atomi sensitivity fators (ASF) [242℄ have been
determined for solid elements, an exitation energy of Al Kα hν =1486.6 eV and an hemi-
spherial analyzer (Phoibos 150 MCD-9 from Spes). But like the ross setion the ASF
hanges by variation of the kineti energy (Equation 3.7). Therefore the ASF has to be
determined for both the C 1s and Ru 3d emission at hν =330 eV.
Both C 1s and Ru 3d signals are lose to eah other with respet to binding energy, so
that the kineti energy Ekin and the inelasti mean free path (IMFP) of eletrons λe is
approximately the same. Thus the ASF for both Ru 3d and the C 1s signal at hν = 330 eV
ompared to the ASF at 1486.6 eV hanges only by the ross setion ratio
ASF (X)330eV = ASF (X)1486.6eV
σ(X)330eV
σ(X)1486.6eV
(8.1)
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where X stands either for the C 1s or Ru 3d emission line. In Figure 8.2, the ross setions
as a funtion of the exitation energy are given for both C 1s and Ru 3d emission line.
0.01
2
3
4
5
6
7
0.1
2
3
4
5
6
7
1
2
3
4
5
6
7
10
cr
o
ss
 s
e
ct
io
n 
[M
b]
140012001000800600400
photon excitation energy [eV] 
330 1486
 Ru3d
 C1s
0.17
0.014
0.77
2.8
Figure 8.2: The ross setion of
both C1s and Ru 3d states as a fun-
tion of the photon exitation en-
ergy hν [239℄. For better visibil-
ity the respetive ross setions for
the appropriate exitation energies
are marked.
C1s1486.6eV C1s330eV Ru 3d1486.6eV Ru 3d330eV
σA [Mb℄ 0.014 0.77 0.17 2.8
ASF 1.000 55.000 12.547 206.649
Table 8.1: The ASF at
dierent exitation ener-
gies, whih is normalized
versus the C 1s emission at
hν = 1486.6 eV [242℄.
By using the ASF of the respetive emission line at the exitation energy of hν = 330 eV
(see Table 8.1) we an alulate the relative onentrations following Equation 3.8:
nRu
nC
=
IRu3d330eV · ASFC1s330eV
IC1s330eV · ASFRu3d330eV (8.2)
In that way the obtained intensity orresponds to the number of atoms in the dye moleule.
Sine we have one Ru atom in the dye moleule, we get the experimentally determined
number of atoms in the dye moleule Nexp..
CC CN CO Ru 3d
EB [eV℄ 285.5 286.7 289.4 281.6
Ntheory 12 10 4 1
Nexp. 22.5 12.6 4.9 1
Table 8.2: The experimentally determined
number of arbon atoms in the dye moleule
Nexp. ompared to the number of atoms from
the dye moleular struture Ntheory . The num-
ber of NCS atoms is not listed separately,
but it is inluded in the number of CN atoms.
Exept the CC omponent, the experimental data mathes reasonably to the number of
atoms from the dye moleular struture Ntheory (ompare with Fig.2.10, page 44). The
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strong deviation of the CC omponent an be explained by arbon ontamination, sine
the dye was adsorbed from ethanol solution. Sine the dye annot be deposited by a lean
vapor deposition proess, this ontamination is not avoidable.
8.1.2 Nitrogen
The omponents of the spetra The entral atom of the N3 dye is otahedrally oordi-
nated by six nitrogen atoms. In order to haraterize the dierent dye omponents it is of
interest to measure the N 1s signal. In order to yield highest possible surfae sensitivity an
exitation energy of hν =450 eV has been hosen.
The N 1s photoemission signal is shown in Figure 8.3. Unlike in the ase of the C 1s emission
line no ontamination of nitrogen omes along with the substrate. The N 1s signal onsists
of at least two omponents, one about twie as big as the other. The larger emission at
higher binding energy (EB = 400.8 eV) is attributed to the nitrogen atoms being loated
in the bipyridine ligand. The smaller emission at EB = 398.7 eV is due to the nitrogen
atoms from the thioyanate group. In aordane with Johansson et al. [159℄ and Liu et
al. [292℄ both emissions are split by 2.1 eV. The absolute binding energies math with the
ones published by Liu et al. [292℄, but again dier by about 0.7 eV towards higher binding
energies from Johansson et al. [159℄. This binding energy dierene of 0.7 eV arises again
from the dierent binding energy normalization desribed above (Setion 8.1.1). Apparently
both emission peaks are slightly asymmetri, whih is due to an additional omponent.
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Figure 8.3: left: The N 1s emission line taken at hν = 450 eV. I and II are attributed to non
interating and interating dye moleules (see text). right: The positions of the NC and NS
nitrogen atoms within the moleule.
In the Voigt t (Fig.8.3) a smaller pair of omponents (marked with II) is 0.6 eV shifted
towards higher binding energy relative to a larger pair, whih is due to dierent hemial
environments around the dye moleules. We assign the omponent I to the fration of
dye moleules, whih are not interating with eah other. This is disussed in detail in the
ontext of the solvent oadsorption in Chapter 9. In ontrast the small pair is addressed to
8.1 Components of the dye 121
interating dye moleules and to moleules, whih interat with the TiO2 substrate surfae.
The ratio of both pairs with respet to their integrated intensity amounts about 1:3.
Relative atomi onentrations As before for the C 1s emission we now ompare the
intensities of the N 1s line with the Ru 3d integrated intensity. In order to do that, we need
to know the ASF for N 1s at hν =450 eV. Sine we have for the N 1s emission line at 450 eV
the same Ekin as for the Ru 3d emission at 330 eV, the ASF hange only  as in the ase for
C 1s  by the ross setion. Thus we an alulate the ASF for N 1s analogous to Equation
8.1:
ASF450eV,N1s = ASF1486.6eV,N1s
σ450eV,N1s
σ1486.6eV,N1s
(8.3)
The ross setions for N 1s and the respetive ASF are shown in Table 8.3.
N 1s1486.6eV N1s450eV
σA [Mb℄ 0.025 0.57
ASF 2.100 47.882
Table 8.3: The ASF at dierent exi-
tation energies.
In order to determine the relative intensities of the N 1s omponents relative to the Ru 3d
emission, both Ru 3d and N 1s emission lines have to be normalized to the beam urrent.
In addition the intensities of the spetra need to be orreted by the photon ux of the
U49/PGM-2 beamline, whih is about 30% higher for the photon energy of hν = 450 eV
(N 1s) ompared to 330 eV (C 1s), as one an see from Figure 8.4.
Figure 8.4: The photon ux
at the U49/PGM-2 beamline
as a funtion of the photon
exitation energy. For bet-
ter visibility the values for the
photon energy of 330 eV and
450 eV have been marked.
The obtained relative atomi onentrations ompared to the ruthenium onentration are
displayed in Table 8.4.
As one an see from the table, the experimental relative atomi onentrations math
reasonably and deviate by only about 10% from the theoretial values. In addition the ex-
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Table 8.4: The experimentally deter-
mined number of arbon atoms in the
dye moleule Nexp. ompared to the
number of atoms from the dye mole-
ular struture Ntheory .
NC NS Ru 3d
EB [eV℄ 400.8 398.7 281.6
Ntheory 4 2 1
Nexp. 3.7 1.8 1
perimentally obtained ratio of NC vs. NS omponent math very well with the theoretial
ratio of 2:1.
8.1.3 Oxygen
The omponents of the spetra Oxygen atoms are loated in the arboxyl (COOH)
groups of the dye. Aording to literature preferably two of the four arboxyl groups are
attahed onto the TiO2 substrate under deprotonation [165167℄. Therefore two oxygen
atoms are diretly attahed to the substrate. The other two arboxyl groups are presumably
protonated and not bound to the substrate surfae. The O1s spetra have been taken at
hν = 600 eV and were normalized to the beam urrent (Fig.8.5). Upon dye adsorption
one an observe a strong derease in intensity of the O1s emission line belonging to the
underneath TiO2 substrate. In addition the shoulder at higher binding energy inreases in
intensity.
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Figure 8.5: left: The O1s emission of the bare substrate and dye taken at hν = 600 eV. right: The
moleular struture of the N3 dye showing the positions of the oxygen atoms (marked atoms).
By applying a Voigt t to the spetra the dierent oxygen omponents of the TiO2 substrate
are shown (aording to Setion 6.3.2.2, page 91). With dye adsorption an additional om-
ponent at EB =532.8 eV appears, whih is attributed to the arboxyl group of the outermost
parts of the dye. In the O 1s spetra we an not distinguish between both protonated and
unprotonated oxygen speies. Compared to Johansson et al [159℄, it lies 1.3 eV at higher
binding energies, whereas the TiO bulk peak is shifted only 0.8 eV. But in the tting pro-
edure made by Johansson et al, no bridging oxygen omponent was onsidered, hene the
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therein attributed arboxyl prole has to over the intensity, whih is lose to the TiO bulk
peak. This leads to the shift to lower binding energies.
Relative atomi onentrations Like for the quantiation proedures presented before,
the relative atomi onentrations have been alulated by means of the O1s ore level
emission line. Sine the kineti energy of eletrons for the O1s line taken at hν = 600 eV
(Ekin =69 eV) diers from the Ru 3d emission taken at hν =330 eV (Ekin = 48 eV), the trans-
mission funtion of the analyzer T ∝ 1√
Ekin
has to be taken into aount. Also the inelasti
mean free path of eletrons λe is needed. Thus the ASF has to be alulated aording to
Equation 3.7:
ASF600eV,O1s = ASF1486.6eV,O1s
[
σλe
1√
Ekin
]
600,O1s[
σλe
1√
Ekin
]
1486.6,O1s
(8.4)
The ASF with all needed parameters are listed in Table 8.5.
O 1s1486.6eV O1s600eV
σA [Mb℄ 0.039 0.41
Ekin [eV℄ 956 69
λe [Å℄ 29.4 6.9
ASF 4.211 38.758
Table 8.5: The ASF of O 1s at dier-
ent exitation energies and all parame-
ters, whih were needed to alulate the
ASF.
By using Equation 3.8 (page 63) the relative atomi onentrations are obtained. It is
important to mention that the intensities have to be orreted by the photon ux, whih is
70% higher at 600 eV ompared to hν = 330 eV. The obtained atomi onentrations are
listed in Table 8.6.
OC Ru 3d
EB [eV℄ 532.8 281.6
Ntheory 8 1
Nexp. 10.6 1
Table 8.6: The experimentally determined num-
ber of oxygen atoms in the dye moleule Nexp.
ompared to the number of atoms from the dye
moleular struture Ntheory .
The experimentally alulated relative onentration of arboxyli oxygen exeeds the the-
oretial onentration by more than 30%. Sine the dye is adsorbed from ethanol solution
onto the TiO2 substrate, this large deviation arises most likely from unwanted ontamina-
tion by the ethanol solvent. The omparison with the O 1s spetra published by Johansson
et al. [159℄ reveals, that other groups have this ontamination at an even larger sale.
8.1.4 Sulphur
The S 2p orbital is appropriate to learn more about the dye-substrate interation, beause
it is loated at the outermost position of the thioyanate group on the dye moleule. The
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HOMO of the dye is attributed to the SCN group in several publiations [9,151,152,293℄.
Sine no other sulfur atoms are present in the dye moleule, its emission line an be well
distinguished from other parts of the dye moleule. Analogous to the C 1s and N 1s signal
the exitation energy (hν = 210 eV) has been hosen to yield maximum surfae sensitivity.
The S 2p emission of the dye is a broad emission line, whih we deonvoluted into three
omponents, loated at EB = 162.5 eV (I), 163.3 eV (II), and 164.2 eV (III), respetively.
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Figure 8.6: left: The S 2p emission line measured at hν = 210 eV with voigt proles. right: The
sulfur atom positions in the N3 dye moleule.
While the binding energy dierene between omponent I and II is very lose to the results
of Johansson et al. [159℄ the absolute binding energies are shifted 0.6 eV to higher binding
energies like the other ore level emissions presented above. The omponents I and II
are assigned to non-interating and interating sulphur atoms, respetively, by Johansson
et al. Sine Johansson et al. assign the non-interating omponent at the same binding
energy as the S 2p emission of the multilayer, they do not aount for an interation of
the sulphur atoms with other dye moleules. Aording to to Johansson et al. [159℄ we
attribute omponent I to the NCS groups pointing away from the surfae (page 46, Fig.2.12
b) - d)) and omponent II to the fration of NCS groups interating with the surfae of the
anatase substrate (Figure 2.12 e) and f)). In line with Johansson et al. we suggest, that
the interation of the eletronegative sulphur atom with eletropositive titanium atoms of
the TiO2 substrate leads to a shift towards higher binding energies. The assignment of the
third omponent III is somewhat unlear, but tentatively we address it to sulphur atoms
lost from thioyanate groups due to exposure to synhrotron light. Also from the S 2p
spetra published by Johansson et al. [159℄, this third omponent is visible, but has not
been onsidered in his publiation.
Table 8.7: The binding energies and the
fration of the omponents of the S 2p
emission line.
I II III
EB [eV℄ 162.5 163.3 164.2
fration [%℄ 27 49 24
The dye orientation is ruial for the performane of the Dye Sensitized Solar Cell, as
desribed already on page 45 (Setion 2.2.2). To ensure an eetive harge separation,
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the dye moleule needs to be orientated in a way, that the HOMO level, loated on the
SCN group, points away from the substrate. But as we see from Table 8.7, only 27% of
the moleules are orientated in the favorable way. About half of the dye moleules interat
with eah other or with the substrate, and the tentatively assigned deomposed sulphur of
dye moleules amounts to 24%.
Relative atomi onentrations In order to quantify the element onentration for sul-
phur relative to ruthenium, again the ASF for sulfur needs to be alulated. Beause the
kineti energy for the S 2p at hν =210 eV and the Ru 3d at 330 eV is about the same, only
the ross setions for alulating the ASF are needed (Table 8.8).
S 2p1486.6eV S 2p210eV
σA [Mb℄ 0.023 3.8
ASF 1.463 241.713
Table 8.8: The ASF of S 2p at dier-
ent exitation energies.
Aording to Figure 8.4, the photon ux for hν =210 eV is about 5% higher than for 330 eV.
Applying this slight orretion leads to the results shown in Table 8.9.
SC Ru 3d
EB [eV℄ 162.5 - 164.2 281.6
Ntheory 2 1
Nexp. 2.2 1
Table 8.9: The experimentally de-
termined number of sulphur atoms in
the dye moleule Nexp. ompared to
the number of atoms from the dye
moleular struture Ntheory .
As one an see, the sulphur to ruthenium ratio ts reasonably with the theoretially predited
value. The experimentally determined number exeeds the theoretial value by 10%, whih
may be due to the fat, that the sulphur atoms are the outermost atoms of the moleule
pointing towards vauum.
8.2 Interation with the substrate
8.2.1 HOMO and oxygen vaanies
Sine the dye anhors with its arboxyli groups onto the TiO2 substrate surfae [165
167℄, the interation between dye and TiO2 must be observable. By measuring the gap
region (hν =90 eV) one an observe the behavior of the oxygen vaanies of TiO2 upon
dye adsorption. Of ourse the HOMO level of the dye is of speial interest. As shown by
eletroni struture alulations performed by Rensmo et al [150℄ (page 44, Figure 2.10),
the HOMO is mainly loated on the thioyanate group of the dye. The gap region spetra
have been normalized to the Ti 3p emission line in order to eliminate attenuation by the
adsorbed dye.
The spetrum of the untreated TiO2 (Fig. 8.7 left) shows the oxygen vaanies VO at
EB =1.3 eV and the states just below the Fermi level T i3d < EF . Upon dye adsorption
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Figure 8.7: Band gap spetra after Voigt ts have been applied to the gap region. left: The gap
region measured at hν = 90 eV. right: The gap region measured at hν = 90 eV, whih shows the
HOMO level of two dierent dyes (N3 dye and blak dye)
additional emission lines appear at higher binding energy at around EB =2 eV, whih are
attributed to the dye HOMO level. Liu et al. found the HOMO level at EB =1.8 eV. This
disrepany arises from a dierent position of the valene band maximum. While Liu et al.
observed it at EB ∼3.3 eV, we nd it at EB = 3.6 eV.
Applying a Voigt tting proedure for the untreated substrate the oxygen vaanies VO at
1.3 eV and the states just below the Fermi level T i3d < EF have been assigned as in the
hapters before. Very learly one an see the derease of intensity of the oxygen vaanies
VO of the TiO2 substrate upon dye adsorption, whih shows an analogous behavior as
upon solvent adsorption (Setion 7.1.2). The intensity of the VO states with adsorbed dye
amounts to 32% of their original intensity, while the T i3d < EF states stay almost the
same in intensity.
Regarding the dye it has been assumed, that the HOMO level is split into two omponents.
These omponents are separated by 0.4 eV, whih is similar to the split of 0.6 eV of the
omponents I and II of the S 2p level (Fig.8.6). The omponents I and II of the HOMO
level are assumed to be of the same origin as the respetive S 2p omponents: Within
this assumption, the omponent I is from the isolated moleules, not interating with eah
other, whereas the seond omponent II at higher binding energy arises from the interation
of dye moleules with eah other or the substrate. The reason for the 200meV smaller
split for the HOMO level in omparison to the split assigned at the S 2p level might be due
to the fat that the distribution of the HOMO valene level reahes over the thioyanate
group and the metal entral atom. That means that the HOMO valene level is not as
strongly inuened by an interatomi interation like the outermost sulphur atom.
It has to be mentioned, that the bakground subtration for the spetrum of the adsorbed
dye has to be srutinized, beause the slope of the subtration is too high due to additional
indued states at the VBM. Nevertheless the statement of a relative derease of the VO
states is still orret, even without bakground subtration.
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For omparison the HOMO of another sensitizing dye is shown in Figure 8.7 right. This dye
is Ru
II
(4,4',4-triarboxy-2,2':6',2-terpyridine)(NCS)3 , shortly alled blak dye beause
of its dark olor. This dye absorbs light down to the IR region at 920 nm, whereas the N3
dye absorbs only down to 750 nm. The HOMO level is loated at about 200meV lower EB
ompared to the N3 dye. Sine the N3 dye is muh more widely used for the DSSC, it
has been used in this work. Moreover the fat that the HOMO level lies at higher binding
energies makes it more onvenient for analysis, sine the HOMO level is muh easier to
separate from the emission of the VO states.
8.2.2 Titanium
The Ti 2p ore level is a good indiator for the dye-substrate interation as well. The spetra
have been taken at hν = 600eV and normalized to the maximum of the main emission in
order to exlude the damping by adsorbed dye.
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Figure 8.8: The Ti 2p ore level
emission measured at hν = 600 eV.
Like the oxygen vaanies (Figure 8.7 right), the intensity of the Ti
3+
states dereases
upon dye adsorption (Figure 8.8). The Voigt t reveals a quenhing of about 32% of the
integrated intensity of the Ti
3+
states. This evidenes that the dye anhors at non saturated
titanium sites of the substrate like the solvent moleules do (Setion 7.1.2). Thus the dye
interats with oxygen defets of the substrate.
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Figure 8.9: The Ti 2p signal of the
unovered substrate and the attenu-
ated signal by the overage of the ad-
sorbed N3 dye.
By means of the Ti 2p substrate signal attenuation (Fig. 8.9), whih is around 67%
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of the integrated intensity, the overage of the substrate by the adsorbed dye has been
estimated using Equation 3.9 analogous to the estimations of solvent overages in Setion
7. Assuming an inelasti mean free path of eletrons λe of 6.9 Å aording to Tanuma et
al. [278℄, the overage amounts to 2.8 Å. This value is muh smaller than the dimensions
of the moleule, whih is around 10 Å in size aording to Shklover et al. [149℄. Aording
to this estimation only a fration of a monolayer of 28% of dye is adsorbed on the surfae.
But it has to be noted, that the assumption of having a dense dye layer adsorbed on the
TiO2 substrate is most likely not orret, beause the dye moleule has a very bulky shape.
Therefore the estimated dye overage value may be misleading, and the atual overage
may be higher than this estimated value. Nevertheless this estimation learly suggests, that
we do not exeed monolayer overage.
8.2.3 Work funtion
The seondary edge for the untreated TiO2 substrate and with adsorbed dye has been
taken at hν = 50 eV, and a bias of 10 V has been applied (Figure 8.10). The onset of the
seondary edge shifts down upon dye adsorption by 0.6 eV, i.e. the work funtion inreases.
Figure 8.10: The work funtion for
the untreated and dye sensitized TiO2
substrate.
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Sine the dye adsorbs onto the surfae upon deprotonation of the anhoring arboxyl groups
[165℄, a surfae dipole is reated between the protonated and positively harged substrate
surfae and the negatively harged arboxyl groups [21, 81℄. Due to that dipole, whih
points away from the surfae, photoemitted eletrons are retarded and onsequently the
work funtion inreases.
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8.3 Disussion of the results
By means of Synhrotron Indued Photoemission Spetrosopywe ould haraterize the
dye monolayer with highest surfae sensitivity with respet to its hemial omponents. The
quantiation by applying Voigt tting proedures onto the measured spetra shows that
the relative onentrations of the hemial omponents math reasonably to the respetive
number of atoms in the moleular struture, whereas the estimated onentrations for the
CC and OC omponents suer from ethanol solvent ontamination.
The adsorption experiments of the dye onto the substrate show learly that the dye moleules
interat with the VO states of the TiO2 substrate. The dye adsorption is assumed being
ruial for the devie operation in two ways: At rst it is neessary that the dye anhors
onto the substrate to ensure an eient harge transfer from the LUMO of the dye into the
ondution band of the TiO2 substrate. Forming a hemial bond leads to a large eletroni
overlap aording to Fermi's Golden Rule (Setion 1.3.1). Seondly the hemial surfae
bond formation redues the amount of ative oxygen vaanies, whih at as reombination
enters.
A representation of the energy alignment of the HOMO relative to the substrate based
upon the gap region spetra (Fig.8.2.1) is disussed below in Setion 9.4, page 142. Also
a omparison to literature data is provided there.
9 TiO2/N3 Ru dye/solvent interfae
In this hapter the results of solvent oadsorption onto the dye sensitized TiO2 surfae
are presented. In the rst part the fous is on the interation of the oadsorbed solvent
with the substrate, whereas the seond part emphasizes on the dye  solvent interation.
The hapter loses with the onlusions, where models are disussed in order to explain the
observations during oadsorption.
9.1 Interation of the oadsorbed solvent with the substrate
Ti 2p In order to investigate the interation of the oadsorbed solvent with the dye sensi-
tized substrate, spetra of Ti 2p at an exitation energy of hν =600 eV have been reorded
(Fig.9.1 top left and right). The spetra have been normalized to the maximum at 459.6 eV
in order to exlude damping by solvent overage.
Comparing the intensity derease of the Ti
3+
states of the Ti 2p photoemission spetra
of aetonitrile oadsorption onto the dye sensitized anatase substrate (Fig.9.1 bottom),
we observe dierent hanges ompared to the aetonitrile adsorption onto the untreated
substrate: The oadsorbed aetonitrile quenhes the Ti
3+
states to a muh smaller amount
than the adsorbed aetonitrile onto the bare substrate. On the other hand the benzene
oadsorption shows a similar trend like in the adsorption experiment. In other words, the
dye seems to have a substantial inuene on the intensity development in the ase of the
aetonitrile oadsorption, whereas for the benzene oadsorption this does not apply.
After the initial quenhing of the Ti
3+
states by the Ru dye, whih is displayed by Figure
8.8 (page 127), both types of oadsorbed solvents ause a further quenhing of the Ti
3+
states. Sine we assume submonolayer overage of the dye on the surfae (page 122,
Setion 8.1.3) the further quenhing of the Ti
3+
states is not surprising. In addition, the
dye monolayer is not a dense layer due to the bulky geometry of the dye moleule. Thus
the muh smaller solvent moleules are expeted to penetrate the dye layer easily.
Comparing the amount of quenhed Ti
3+
states depending on overage, aetonitrile quenhes
the Ti
3+
states to a similar extend (down to 65% of initial intensity at 2.9 Å) as benzene
(down to 73% at 3.1 Å), as shown by Figure 9.1 right. This is in ontrast to the onlusion
drawn in Chapter 7 that aetonitrile interats muh stronger with the TiO2 substrate than
benzene does. Apparently the dye moleules prevent an interation of aetonitrile moleules
with the TiO2 substrate (see Setion 9.2).
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Figure 9.1: The Ti 2p emission line taken at hν = 600 eV. top left: Spetra hanges of the oad-
sorption of aetonitrile onto the dye sensitized TiO2 substrate. top right: Coadsorption of benzene.
bottom: Intensities of the Ti
3+
states ompared to the Ti
4+
states as a funtion of estimated sol-
vent overage. For omparison the intensity hanges of solvent adsorption onto the bare TiO2
substrate from Figure 7.3 is also shown (empty dots, dotted lines).
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Figure 9.2: The S 2p ore level. left: The spetra ourse of the oadsorption of aetonitrile. right:
Coadsorption of benzene.
S 2p ore level spetra The interation of aetonitrile or benzene with the N3 dye ad-
sorbed on the anatase surfae an be followed by the relevant ore level emissions of the
dye. Sulphur is the most harateristi atom being exlusively present in the dye moleule.
S 2p emissions for both oadsorptions have been measured at hν =210 eV providing highest
surfae sensitivity (Fig.9.2). The S 2p spetra have been normalized to the beam urrent.
Eah spetral development starts with a dry dye layer, whih shows a broad emission.
Looking at the oadsorption of aetonitrile remarkable hanges in the spetral features are
displayed (Fig.9.2 left). With the rst oadsorption step of aetonitrile the emission line
hanges drastially regarding its shape and intensity. The next adsorption step reveals very
interesting and astonishing peuliarities: Although the overage of adsorbed aetonitrile is
higher than in the rst adsorption step, the intensity of the S 2p line is inreased enormously
aompanied with a further derease of the line width. Upon desorption of CH3CN we get
a broad S 2p emission line similar to that before oadsorption of the solvent. Therefore we
onlude the oadsorption of the solvent is a reversible proess.
Inspeting the S 2p line of benzene oadsorption (Fig.9.2 right) suh remarkable hanges
of the S 2p emission line are not observed. Upon adsorption the S 2p line is just damped in
intensity. The reversibility of the benzene oadsorption is obvious from the spetral hanges
with annealing to room temperature.
For having a loser look at these interesting features we have performed a t inluding three
doublet Gauss-Lorentz (Voigt) proles (spin-orbit splitting of 1.2 eV, intensity ratio of 1:2)
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in order to deonvolute the dierent hemial omponents (Fig.9.2 left), whih are loated
at binding energies of 162.5 eV (I), 163.3 eV (II) and 164.2 eV (III) respetively, as have been
depited in Setion 8.1.4 already: Component I represents the thioyanate groups, whih
are isolated from eah other, and point away from the substrate. The seond omponent
II represents the fration of interating thioyanate groups, either with other dye moleules
or with the substrate. The third omponent III remains unlear.
In the ase of aetonitrile oadsorption a omponent IV appears (EB =163.1 eV), whih
is loated at slightly lower binding energy as omponent II, whereas the remaining om-
ponents I and III almost disappear. Apparently, omponent II disappears ompletely upon
oadsorption of aetonitrile. Sine the derease of omponent I oinidenes with the rise
of omponent IV, we assign this omponent to solvated moleules, whih do not interat
with the substrate. In other words, omponent IV originates from omponent I, whih is
shifted 600meV to higher binding energies due to solvation. Beause the sulphur atoms
holds two lone paired eletrons, the positive end of the solvent moleule is oriented to-
wards the thioyanate group. Thus the potential in the near viinity of the sulphur atom is
dereased, whih leads to a shift towards higher binding energy.
The assignment of the omponents I and II made above are justied by the following
argument: If the sulphur atom interats with the substrate, most likely it interats with
the redued Ti
3+
states. In that way the sulphur atom ats as an eletron donor and the
Ti
3+
as an eletron aeptor forming a higher oxidation state (Ti
4+
) after transferring its
eletron into the ondution band.
Sine the oadsorbed solvent redues the amount of Ti
3+
states as we found above, the
dye moleules have less sites left to interat with the substrate via the thioyanate groups.
Hene the omponent IV is strongly inreasing in intensity with onseutive adsorption,
while omponent II disappeared. The same trend has been observed by Karlsson et al. [294℄
using CuI as the oadsorbant. Karlsson has deonvoluted the S 2p into three omponents
for the CuI oadsorption, but with higher binding energy shifts between omponent I and
II, i.e. he found 0.9 eV instead of our value of 0.6 eV.
Regarding the aetonitrile oadsorption, the observations desribed above an be explained
as follows: Conerning the rst adsorption step the slight sharpening of the spetra is due
to a (partial) solvation of the dye moleules by the surrounding solvent. The dereasing
intensity indiates that the solvent moleules lies on top of the dye layer. In the seond
adsorption step aetonitrile penetrates the dye moleule lm. As a result of the solvation the
thioyanate groups are isolated from eah other, whih is observed by the drasti sharpening
of the S 2p line. This solvation proess is visualized in a artoon in the onlusions of this
hapter (Setion 9.4, Figure 9.10).
Unlike aetonitrile, benzene as an unpolar solvent does not solvate the negatively harged
thioyanate group in a pronouned way. Although in the rst adsorption step the intensity
of omponent II inreases slightly, whih we attribute to a partial solvation of the dye
moleules (omponent IV). In the seond adsorption step benzene mainly damps the S 2p
emission. Hene the solvent moleules just stay on top of the monolayer.
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Figure 9.3: The gap region reorded at hν = 90 eV, showing the HOMO of the dye and the Ti 3d
states of the substrate. top left: Aetonitrile oadsorption. top right: Benzene oadsorption.
bottom: The intensity development of the VO states for both aetonitrile and benzene oadsorption.
For omparison the intensity of solvent adsorption onto the bare TiO2 substrate from Figure 7.4 is
also shown (empty dots, dotted lines).
Ti 3d / HOMO valene band spetra The gap region spetral hanges are of speial
interest (Fig.9.3), beause here one an atually see the interation of both substrate and
dye features with the oadsorbed solvent all at one. The spetra have been taken at
hν = 90 eV and normalized to the Ti 3p emission for eliminating the damping.
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One an observe a derease of VO state intensity upon oadsorption of aetonitrile and
benzene, respetively, parallel to the Ti 2p spetral eets. Whereas aetonitrile quenhes
the VO states almost ompletely in the seond adsorption step, the benzene oadsorption
does not hange the VO intensity that muh. Nevertheless, as for the Ti
3+
states (Figure 9.1
top left) the interation of oadsorbed aetonitrile with the VO states is ompletely dierent
to the observations after adsorption onto the untreated substrate (Fig.9.3 bottom, dotted
line). In the ase of oadsorbed aetonitrile the VO states are muh less quenhed. For the
benzene oadsorption the derease of intensity follows a similar trend as for the adsorption
(dotted line).
A deonvolution of the gap emission lines throughout the spetra into four Voigt proles
has been performed to analyze the spetra into their respetive ontributions. Sine the
HOMO level on the N3 moleule is mainly loated at the thioyanate group [9,151,152,293℄
involving the sulfur atom, the t proedure is similar to the performed t of the S 2p emission
line. We divided the HOMO level into two Voigt proles I and II, whih t surprisingly
well into the measured spetra. The rst prole I lying at BE= 1.8 eV displays the non-
interating fration of thioyanate groups. The seond prole II loated at 400 meV higher
binding energy (BE = 2.2 eV) is attributed to the moleule fration, that interats with the
anatase substrate. Qualitatively we nd the same trend for the aetonitrile and benzene
oadsorption as observed in the S 2p spetra, where the shift between omponent I and II
was 0.6 eV.
Upon oadsorption of aetonitrile the HOMO level I is drastially dereased in intensity.
Aording to the S 2p spetra (Fig. 9.2 left), omponent IV is assigned to the solvated
dye moleules. Component IV appears after the rst aetonitrile adsorption step and even
inreases in intensity after the seond adsorption step, whereas omponent II disappears.
These attributions are justied by the fat, that omponent IV is more narrow than the
omponent II (Table 9.1), whih is aording to the observations we made at the S 2p ore
level emission spetra (Fig. 9.2 left).
Table 9.1: The full width half maximum for
omponents II and IV during aetonitrile oad-
sorption (Figure 9.3) top left.
experimental step omponent FWHM
Ru dye II 0.37
2.9 Å CH3CN IV 0.33
5.9 Å CH3CN IV 0.29
at RT II 0.40
In the ase of benzene oadsorption the spetra lead only to small hanges in intensity and
shape of the HOMO emission (Fig.9.3 top right). Interestingly the intensity of the VO states
after the rst aetonitrile oadsorption step stays almost the same. After the subsequent
seond oadsorption step the intensity is drastially redued. In the ase of benzene the
intensity dereases only moderately.
A possible explanation for the dierent quenhing behaviour of oadsorbed aetonitrile is
given in Figure 9.10. At rst, aetonitrile interats with the dye. Then with inreasing
dose the solvent moleules penetrate the dye layer to the substrate underneath, where they
quenh the VO states. In ontrast, the nonpolar benzene moleules do not solvate the polar
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Figure 9.4: The N 1s emission line taken at hν = 450 eV. left: The spetra ourse for the aetonitrile
oadsorption. For better visibility, the intensity of the dry dye emission and the emission taken after
annealing have been multiplied by the fator of 4. right: The benzene oadsorption.
dye moleules as eiently. The benzene moleules either just over the dye layer without
strong interation or penetrate the dye layer and interat with the substrate on bare areas.
It has to be noted, that the starting situations for the oadsorption experiments dier
slightly. As already observed in the S 2p line, the gap region spetra of the dry dye of
the aetonitrile and benzene adsorption series are dierent in shape. But the fat, that
the dierene in oadsorption behavior of either aetonitrile or benzene is so pronouned,
allows us to draw lear qualitative onlusions.
N1s ore level spetra The amount of aetonitrile oadsorbed onto the dye sensitized
substrate an be inferred from the N 1s emission line (Fig.9.4 left). The N 1s emission has
been measured at hν = 450 eV for highest surfae sensitivity and normalized to the beam
urrent. The aetonitrile emission is loated at 400.6 eV not hanging its binding energy
for both oadsorption steps.
The oadsorption of aetonitrile onto the dye sensitized anatase substrate an diretly be
dedued from inspeting the N 1s spetrum. The signal of the dry dye is split into two
main peaks. The smaller peak at lower binding energy is attributed to the nitrogen in the
thioyanate group and the larger peak at higher binding energies is assigned to the bipyridine
group.
As seen by an applied Voigt t we observe a binding energy shift of the dye emissions
upon oadsorption of aetonitrile towards higher values, but no damping due to aetonitrile
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overage. To support this results observed in the N 1s spetra, we also applied a Voigt t
deonvoluting the Ru dye emission line into two doublets (I and II) of thioyanate and bipyri-
dine nitrogen atoms, respetively. The binding energy dierene between both doublets is
0.6 eV, and the energy distane between the thioyanate and the bipyridine ontribution is
2.1 eV as already mentioned in Setion 8.1.2. We are aware of the splitting espeially within
omponent pair II onerning the intensity of the bipyridine ontribution, whih might be
aused by a ontribution of aetonitrile emissions, whih annot be separated learly. In
agreement to both S 2p and the HOMO signal desribed above we assign the signal pair I
to the fration of non solvated dye moleules, whereas signal pair IV is attributed to the
solvated dye.
Following the spetra throughout the aetonitrile oadsorption one an see an inrease
of the ratio of omponent pair II to pair I. Furthermore the overall intensity of the dye
signal emission inreases despite of the ongoing oadsorption of aetonitrile, whih supports
the above given interpretation of both S 2p and HOMO level emissions. In ontrast the
adsorption of benzene does not show any remarkable hange in the spetral development
(Fig.9.4 right).
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Figure 9.5: The C 1s and Ru 3d orbitals, measured at hν = 330 eV. left: C1s of the aetonitrile
oadsorption. right: C1s of the benzene oadsorption.
C1s ore level spetra Although the C 1s signal (Fig.9.5 left top and bottom) suers
from arbon ontamination of the substrate (Setion 8.1.1), it supports the observations
stated above. The signal was taken at a photon exitation energy of hν =330 eV for highest
possible surfae sensitivity and normalized to the beam urrent.
Again we performed a t proedure inluding three Voigt proles to the C 1s emission line
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and one doublet aounting for the ontribution of the Ru 3d orbital (spin orbit split = 4.2 eV)
[239℄. Atually the t should ontain separate proles for eah omponent as realized for
the other emissions presented above representing the dierent interations of the respetive
omponent (interating, non-interating with substrate, and a third omponent, whih is
not learly assigned). But for the C1s emission, whih inludes three arbon omponents
and a Ru 3d doublet, it is not feasible to produe a reliable t by splitting eah of these
hemial omponents into three subomponents I, II and III as performed for the other ore
levels S 2p and N 1s. The arbon omponents are assigned aordingly to Liu et al. [292℄ to
aromati arbon (CC) at BE 285.5 eV, CN arbon at BE= 286.7 eV and arboxyl arbon
at 289.4 eV. Additionally, the Ru 3d5/2 is loated at 281.6 eV (refer to Setion 8.1.1). We
have to note that in partiular the prole assigned to aromati arbon (CC) ontains a not
negligible amount of ontamination present on the substrate as it has been already shown
by Figure 9.5. Nevertheless the remaining proles exept the CC ontribution math
reasonably with the number of the atoms in the moleule (see Table 8.2). It also has to
be noted that the aetonitrile ontribution has been tted by one omponent only, whih
is of ourse an oversimpliation, sine an aetonitrile moleule onsists of two arbon
atoms with dierent hemial environment. The intensity hanges of the CC and CN
ontributions of the dye moleule are listed in Table 9.2.
CC CN
EB [eV℄ 285.5 286.7
Idrydye 1 1
I1stcoads. 0.67 0.57
I2ndcoads. 0.87 0.91
Idesorb. 0.66 0.65
Table 9.2: The integrated intensities of the
CC and the CN omponent during oad-
sorption of the solvent, normalized to the
intensities for the dry dye layer.
The numbers in the table allows us to underline the observations disussed above: In the
ase of aetonitrile oadsorption the rst oadsorption step initially shows a damping of
the CC and CN proles belonging to the dye moleules upon aetonitrile oadsorption
(aetonitrile emission at BE = 287.6 eV). With the seond step of inreasing aetonitrile
adsorption the aetonitrile signal surprisingly dereases again, whereas the CC and CN
arbon omponents are inreased in intensity, whih supports our model of the penetration
of aetonitrile into the dye monolayer.
The C 1s signal is the appropriate photoemission line to monitor the oadsorption of benzene
(Fig. 9.5 right). We observe a strong signal inrease at BE= 285.5 eV due to overage
with benzene solvent moleules. In analogy to the aetonitrile spetra, the t shows three
arbon emission lines and one Ru 3d doublet. The dry dye emission is in a slightly dierent
starting situation than for aetonitrile as the intensity ratio between CC and CN arbon
atoms disagree with the one in the aetonitrile spetral series. This may be due to a missing
dierentiation between the omponents I, II and III. In addition the quantitative analysis
suers largely from the fat that in the benzene ontribution both CN and CC omponents
are superimposed. Unlike in the ase of aetonitrile oadsorption, a quantitative statement
about the intensity hanges during oadsorption is not possible.
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Figure 9.6: The O1s ore level emission line (hν = 600 eV) depending on solvent oadsorption. left:
The oadsorption of aetonitrile. right: The oadsorption of benzene.
O1s ore level spetra The O 1s emission line has been measured with an exitation
energy of hν = 600 eV and normalized to the beam urrent.
Qualitatively inspeting the aetonitrile series (Fig.9.6 left) shows, that the shoulder at
higher binding energy stays at the same intensity, whereas the substrate emission is damped
due to solvent overage. In ontrast, benzene oadsorption shows an equal derease of
intensity for both shoulder and substrate oxygen peak.
The deonvoluting t of the photoemission spetra has been performed by four omponents
being assigned to bulk oxygen, surfae oxygen, arboxyl groups (protonated and unproto-
nated) and adsorbed hydroxyl groups (aording to Setion 8.1.3, Fig. 8.5). The arboxyl
omponent indiates the adsorption of the dye onto the TiO2 substrate, while all other
omponents belong to the substrate. The intensity of the substrate emissions (TiO bulk
and TiO surfae omponent) is damped by the oadsorbed aetonitrile, whereas the CO
omponent is almost not dereased in intensity. Karlsson et al. [294℄ observed the same
trend regarding the dye / substrate emission intensity ratio upon oadsorbing CuI onto
the dye sensitized substrate as ompared to our aetonitrile oadsorption. In ontrast to
aetonitrile benzene damps both substrate and dye emissions to the same degree.
Also the O1s photoemission line supports our model of the interpenetration of the dye
monolayer by aetonitrile moleules as well as the remaining on top of the dye monolayer
for the benzene moleules (see disussion of this hapter, Setion 9.4).
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9.3 Work funtion hanges
We have already disussed the work funtion hanges for the dye adsorption and the adsorp-
tion of solvent separately, but now we would like to investigate the trend of work funtion
for the oadsorption of dye and solvent. The seondary edge measurement has been taken
at an exitation energy of hν =50 eV, and a bias voltage of -10V has been applied (Fig.9.7).
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Figure 9.7: The hange of work
funtion during the adsorption of dye
and the oadsorption of aetonitrile.
Upon dye adsorption the work funtion inreases by 0.6 eV as it has been shown by Fig.8.10
already. By oadsorption of aetonitrile this trend is reversed. By inreasing the dose of
aetonitrile we observe a shift of 0.4 eV towards lower work funtions. This trend has been
observed for the adsorption of aetonitrile onto the untreated substrate as well, but to a
slightly dierent extent. Upon desorption the work funtion is the same as for the dye
adsorbed surfae.
A possible explanation of this trend is disussed in the ontext of dye reorientation in the
disussion setion below (Setion 9.4).
142 CHAPTER 9. TIO2/N3 RU DYE/SOLVENT INTERFACE
9.4 Disussion of the results
Eletroni alignment The alignment of the energy levels of the dye with respet to the
TiO2 substrate are of prime importane for devie funtion. Based upon the experimental
results of aetonitrile oadsorption from the gap region spetra an energy sheme of the
substrate/dye interfae has been derived, shown in Figure 9.8.
Figure 9.8: Energy sheme of the TiO2/dye/solvent interfae displaying all the relevant energy
levels of all speies involved. The LUMO of the dye has been estimated using the maximum of
optial absorption of the dye at 535 nm (2.32 eV [20℄).
As already desribed in detail in Setion 8.2.1 (page 125), the VO states (EB = 1.2 eV, Figure
9.8 a)) are quenhed partially upon dye adsorption (Figure b)), sine the dye is bound to
the substrate via arboxyli oxygen. In ontrast the T i3d < EF states almost keep their
initial intensity. For the dye HOMO level we onsider two dierent omponents, aording
to Setion 8.2.1, i.e. an interating one, whih is loated at EB = 1.8 eV, and an isolated
HOMO, whih is about 400meV at higher binding energy.
Upon oadsorption of aetonitrile, we observe an additional quenhing of the VO states.
In ontrast the T i3d < EF states are not dereasing in intensity to that large extent.
Following arguments of Gregg et al. [17, 80℄ we assume, that the T i3d < EF states are
beneial for the devie omponent by forming a ondution hannel for eletrons. The
dye and the solvent do not hange these gap states signiantly.
Conerning the HOMO of the dye the interating omponent disappears upon oadsorption
of aetonitrile. This result has been onrmed by the S 2p emission line, where we also
observed that interating omponent disappears (Fig.9.2). We assume, that this has a
number of very signiant onsequenes with respet to the energeti alignment and for
the dye orientation.
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In order to estimate the energy alignment of the LUMO level of the dye, the maximum
of optial absorption of the dye of 535 nm [18℄ (hν = 2.32 eV) has been plotted into the
energy sheme. The onset of the LUMO is drawn in aordane with the onset of optial
absorption at 780 nm [18℄ (hν =1.6eV). One has to onsider, that a diret omparison
of energy values between optial and photoemission spetrosopy is not possible, sine
in optial absorption a Frenkel exiton on the dye moleule is reated. This means that
the photohole and the exited eletron remain on the same dye moleule, whih are bound
together by eletrostati interations, the exiton binding energy. Usually an exiton binding
energy of about 0.6 eV [19℄ has to be onsidered. It is assumed that the exiton binding
energy aets the hole in the HOMO and the eletron in the LUMO level by the same
amount. But as the aetonitrile has a high dieletri onstant (ǫ = 36.6 at 20 ◦) it redues
signiantly the exiton binding energy (proportional to 1/ǫ2 aording to the Bohr model).
Therefore we do not onsider any strong shift of the HOMO and LUMO level. With these
assumptions the HOMO level is loated at EB =2.2 eV and the LUMO at 0.12 eV above
the Fermi level. The onset of the LUMO is loated at 0.5 eV binding energy.
The non interating and non solvated HOMO is loated at EB =1.8 eV. If these levels were
relevant for harge separation, the LUMO level would be loated even 0.52 eV above the
Fermi level. As a onsequene the photoinjetion of eletrons would be favored, but on
the other hand, the reredution of the dye would be even slower sine the HOMO level is
moving towards the redox potential of the eletrolyte.
In order to ompare our binding energy value of the solvated HOMO level (EB =2.2 eV)
measured by Photoeletron Spetrosopy with literature data determined by eletrohemial
measurements [18℄ (Fig.1.1, page 19), one has to take the work funtion of the nanorys-
talline anatase substrate into aount, whih is in our ase φ ∼ 3.7 eV. This value agrees to
the value obtained by the Ultraviolet Photoemission Spetrosopy data of Orendorz et al.
for pristine nanorystalline anatase (φ=3.7 eV) [140℄. Sine the eletrohemial measure-
ments by Nazeeruddin et al. [18℄ have been onduted in aetonitrile solution, we ompare
the solvated omponent of the HOMO level only. An ionization potential of 5.5 eV for the
HOMO level as obtained from urrent-voltage urves leads after substration of the work
funtion φ=3.7 eV to a binding energy of the HOMO level of EB =1.8 eV.
This value deviates by 400meV from our value of EB =2.2 eV, but mathes to the value
of the non solvated HOMO omponent. As a reason for the deviation the unertainty of
the work funtion value must be onsidered, whih was dierent from sample to sample.
Another reason for the deviation may be the dierent preparation proedure performed by
Nazeeruddin et al. in omparison to our dye adsorption experiments. While we adsorbed
the dye for 5min only, Nazeeruddin et al dipped it in dye solution for several hours. Sine
the amount of adsorbed dye seems to vary by the adsorption time [159℄, we assume that
Nazeeruddin et al. exeeded monolayer overage, whih probably leads to a bigger fration
of non solvated dye moleules.
Orientation of the dye Based on the intensity variations, e.g. the inrease of both S 2p
emission lines (Fig.9.2 left) and the HOMO level (Fig.9.3 top left) upon oadsorption of
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aetonitrile, we onlude, that the aetonitrile oadsorption leads to a reorientation of the
dye moleules (Figure 9.9). As we have seen by the Ti 2p spetra (Fig.9.1 left) and the
gap region (Fig.9.2 left), we know by the quenhing of both Ti
3+
and VO states in the
seond oadsorption step, that aetonitrile interats with the TiO2 substrate. Sine the
nitrogen atom of aetonitrile is expeted to interat with the Ti
3+
sites, the interation
of aetonitrile ompetes with the interation of the sulphur atoms belonging to the dye
moleule. As a onsequene, the moleule is hanging its orientation to two possible
adsorption geometries, whih are illustrated by Figure 9.9. The third possible adsorption
geometry (ompare Figure 2.12 d)) does not allow an interation of sulphur on a at
surfae, therefore it is not disussed here.
In the ase of benzene oadsorption, no orientation hange is evident from the S 2p and
the HOMO level. Neither the S 2p nor the HOMO level show intensity enhanements,
but the intensity is redued ontinuously for both emission lines. Nevertheless we observe
an interation with the substrate, sine both Ti
3+
and VO states are quenhed slightly.
However, it is learly evident, that for benzene oadsorption no orientation hanges take
plae.
Figure 9.9: Two possible reorientations of the N3 dye moleules upon solvent oadsorption. The
N3 dye moleule and the anatase (101) surfae are drawn to sale aording to [149, 160℄. The
arrows indiate, that the reorientation only takes plae for aetonitrile oadsorption, but not in
the ase of benzene oadsorption. The sulphur (marked with S), that initially interats with the
substrate, points away from the surfae after reorientation. a) This reorientation does not involve
the formation of another hemial bond to the substrate via arboxyli oxygen (marked with O). b)
This reorientation leads to formation of another bonding between arboxyli oxygen and substrate.
On a more marosopi sale than individual dye moleules, whih onerns the omplete
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Figure 9.10: A shematial represen-
tation of the proesses during the
oadsorption of the solvents aetoni-
trile (left) and benzene (right) onto dye
overed TiO2.
dye monolayer, a simple geometri model (Fig.9.10 left) an be dedued from the photo-
eletron spetra and the trend of the work funtion [295℄: In the absene of solvent the N3
sensitizer moleules lie disordered on the TiO2 surfae with their NCS groups interating
with the surfae and neighboring sensitizer moleules ausing statistial broadening of the
S 2p level. Coadsorbed aetonitrile moleules evidently penetrate the sensitizer layer, sep-
arate the moleules from eah other and fore the N3 moleules to point with their NCS
groups away from the substrate, thereby reduing the statistial broadening. Thus aetoni-
trile serves not only as a medium, in whih the hole transporting redox speies an move.
But it also has a distint and important inuene on the adsorption geometry. In ompari-
son to the benzene oadsorption (Fig.9.10 right), whih does not show similar eets, we
strongly suggest, that the eet as observed with aetonitrile depend on the polarity of the
solvent moleules.
This model of the reorientation of the dye upon solvent oadsorption is onrmed by the
trend of the work funtion shown by Fig.9.3, page 141. In order to explain the hange of
the work funtion to lower values (by 0.4 eV from the dry dye layer to 2.4 Å of aetonitrile
oadsorption) we need to separate the eets of dye and solvent in terms of the formation
of a surfae dipole (Fig.9.11).
The dye moleule onsists of two opposite dipoles, both pointing away from the positive
entral atom. The two bonding arboxyl groups (we assume, two arboxyl groups are
bound to the surfae [161℄) have three lone paired eletrons and one bonding pair eah
(thus about eight eletrons), but the two thioyanate groups possess only four lone pair
eletrons (Fig.9.11 a)). In addition, aording to Srikanth et al. [151℄, the distane between
the ruthenium enter atom and the arboxyl group amounts to about 6.5 Å, whereas the
thioyanate groups are only about 4.9 Å away from the metal enter atom. Thus the dipole
from the enter of the dye towards the arboxyl groups is larger than in diretion to the
thioyanate group. Sine the dipole moment is inreasing linearly with the distane of the
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opposite harges (like a plate apaitor), the overall dipole is pointing towards the arboxyl
group (Fig.9.11 b)).
Figure 9.11: a) The number of lone pairs dier for the arboxyl groups and the thioyanate groups
respetively. b) In order to explain the work funtion trend (Fig.9.3), a dipole model for the oad-
sorption has been applied, showing the sum of the dipole for both situations.
Now we are able to develop a model, aounting for the surfae dipole hange, whih results
in the hange of the work funtion (Fig.9.11 b)). For the dry dye layer, the moleules lie
disordered on the surfae as shown by Fig.9.10. By oadsorption of aetonitrile the work
funtion shifts bak by 0.4 eV. Now we have to take into aount, that the dye layer overs
only a fration of a monolayer. The overage amounts to 28% aording to our estimation
by means of the attenuation of the Ti 2p main emission line (Setion 8.2.2). We assume
that the shift of 400meV ontains two ontributions: The rst one, to a fration of 72%
(0.29 eV), is due to the surfae dipole formation by the solvent moleules as desribed by
Figure 7.6, page 109. The remaining ontribution of the work funtion hange of 0.11 eV
we attribute to the hange of the orientation of the dye with respet to the substrate
surfae. Consequently the dye has to be straightened up (Fig.9.11 b) right) aording to
the model desribed by Figure 9.9.
To evaluate these orientation eets with respet to the devie funtional, one has to
onsider the role of the dye. The dye is responsible for harge separation of holes and
eletrons via a vetorial harge transfer as desribed by O'Regan et al [1℄. This means that
the dye ats as an eletroni membrane, whih transfers eletrons via the bipyridine groups
(LUMO) into the ondution band of the TiO2 substrate, whereas on the other sterial end
of the dye a hole is injeted into the thioyanate groups (HOMO). Thus the orientation of
the dye is of prime importane for devie operation: The favorable geometry is that only
the arboxyli groups interat with the TiO2 substrate. The thioyanate groups should
stik into the eletrolyte like antennas, favoring the reredution of the dye by the I
−
/I
−
3
redox ouple.
Another important reason that this distint orientation is of prime importane is related to
reombination. Sine the HOMO ontains the photohole upon exitation by inident light,
the diret ontat with the TiO2 substrate should be avoided. If the HOMO ontats the
substrate, reombination path will be reated, sine photoinjeted eletrons in the TiO2
ondution band will easily reombine with the holes in the nearby HOMO level. This
reombination is probably favored by the remaining VO defet level of the TiO2 surfae.
10 TiO2 / iodide / solvent interfae
In this hapter the adsorption of eletrolyte speies, forming a TiO2/iodide interfae, is
eluidated. Two dierent iodide ontaining speies have been used, besides LiI also 1-
propyl-3-methylimidazolium iodide (PMII), whih is an ioni liquid, denoted as molten salt
in this hapter. In addition, the eet of oadsorbed aetonitrile is desribed for both
adsorbed iodide ompounds.
10.1 The two eletrolyte omponents: LiI and molten salt
Valene band and I 4d spetra The adsorption of the eletrolyte was performed from
aetonitrile solution, aording to Setion 4.2.2, page 74. First of all it has to be mentioned
that in this work only the redued part of the I
−
/I
−
3 redox ouple, the I
−
speies, has been
oadsorbed. It is not possible to adsorb both speies of the redox ouple from solution
(aording to the preparation arried out in this work) due to tehnial reasons: In order to
adsorb the I
−
3 speies, besides the respetive iodide salt, elemental iodine has to be added.
The problem is, whih ould not be overome, that iodine sublimes at normal onditions, and
in vauum even faster. Due to the volatility of iodine it is not easily possible to investigate
it.
Moreover, the presene of the I
−
3 ions have been found by other groups to play a detrimental
role in a way, that they form a I2SCN
−
omplex with the thioyanate group of the dye
[296, 297℄. This omplex formation an result in the loss of the thioyanate ligand from
the dye. Sine this degeneration of the dye, indued by the I
−
3 ions, is not the sope of this
work, the investigation of the omplete redox ouple has not been aomplished.
However, sine the fous of this work is on the dye sensitized interfae (working eletrode),
the redued I
−
is of prime interest. The photooxidized dye an only be redued by the I
−
redox speies. In Chapter 11, the eletroni alignment relative to the dye levels has been
disussed based on literature.
Valene band spetra at hν =90 eV were taken for both adsorbed LiI and PMII molten salt
(Fig.10.1 left). One an learly observe the I 4d emission line for both LiI and molten salt.
In addition there is a Li 1s emission loated at EB = 56.1 eV.
3 drops of ∼0.01M LiI and 10 drops of ∼0.005M molten salt dissolved in aetonitrile
have been adsorbed onto the TiO2 substrate, respetively. Sine the solvent (aetonitrile)
evaporates during adsorption, the amount of adsorbed iodide should be similar on both
samples. But as one an see from the valene band spetrum, the intensity of the I 4d of
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Figure 10.1: left:Valene band spetra of the molten salt (bottom) and the LiI adsorption (top).
right: The I 4d emission for both molten salt and LiI ompared with respet to their binding energy.
the LiI adsorption is muh higher than of the molten salt. This drasti intensity dierene
between LiI and the molten salt adsorption an be (partially) explained: Beause of the
large PMII
+
ation of the molten salt (rPMII+ =570 pm) the spatial distribution of iodide is
muh less dense than in the ase of LiI, where the lithium ation (rLi+ =73 pm) is muh
smaller than the iodide anion (rI− =206 pm).
In the ase of LiI the intensity of the I 4d emission line is muh higher than the Li 1s emission.
This depends on the dierent ross setions for both lines at hν = 90 eV (Li 1s: 2mb, I 4d:
15mb). In addition, the I 4d orbital shows a I4d → I5p resonane around an exitation
energy of hν =90 eV, whih leads to the high intensity of the I 4d level [298300℄.
While the binding energy of the I 4d emission of the LiI is EB =49.6 eV, the I 4d emission of
the molten salt is loated at 49.3 eV (Fig.10.1 right). This binding energy dierene arises
from the dierent ations of the salt. A model trying to explain the origin of the binding
energy dierene is given in the onlusion of this hapter below (Setion 10.3). Also a
omparison to literature data is given by Table 10.1.
I 5p ore level spetra The eletroni onguration of iodine (Kr4d105s25p5) indiates,
that the highest oupied orbital is the I 5p orbital. The energeti alignment of the redox
ouple I
−
/I
−
3 is of prime importane for the devie operation in terms of the redox potential
of the eletrolyte. Hene the investigation of the I 5p orbital is of speial interest. In order
to separate the I 5p level from the TiO2 substrate valene band emission, dierene spetra
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has been alulated between the untreated substrate and adsorbed LiI (Figure 10.2 left).
For better visibility the dierene spetra have been multiplied by the fator of 5.
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Figure 10.2: Valene region spetra of
the untreated TiO2 substrate and with ad-
sorbed LiI. The dierene of both spetra
has been taken and multiplied by the fator
of ve.
Aording to the dierene spetrum, the I 5p orbital is loated at a binding energy of
EB =3.5 eV. As for the I 4d emission binding energies a omparison to literature data is
given at the end of this hapter (Setion 10.3). Due to the muh smaller amount of
adsorbed iodine from the molten salt, it was not possible to separated the I 5p level by
taking a dierene spetrum. In order to estimate the binding energy position of the I 5p3/2
level, we onsider the binding energy shift of the I 4d emission level of 0.3 eV as shown by
Figure 10.1 right. Aording to that the I 5p3/2 level for the I
−
of the molten salt is loated
at 3.2 eV.
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10.2 Coadsorption of iodide salt and aetonitrile
On samples ontaining either LiI or molten salt the same amount of aetonitrile as ele-
trolyte solvent has been oadsorbed. The I 4d emission line (hν = 90 eV, normalized to beam
urrent) has been measured to detet possible hanges indued by the solvent. In order
to study the interations of TiO2/iodide/solvent, the appropriate photoemission lines, the
Ti 2p ore level at hν =600 eV and the valene band gap region at 90 eV, have been mea-
sured. To exlude damping by the redox speies and oadsorbed solvent, the Ti 2p emission
line has been normalized to the Ti 2p main intensity, and the gap region spetra to the Ti 3p
level.
10.2.1 LiI + aetonitrile
I 4d and N1s ore level spetra In Figure 10.3 left, the I 4d level for LiI adsorption and
subsequent aetonitrile oadsorption is shown. Interestingly, the emission line does not shift
at all upon oadsorbed aetonitrile, although a shift towards higher binding energy for the
I 4d and to lower binding energy for the Li 1s is expeted due to solvation by surrounding
aetonitrile moleules, as shown by gasphase solvation experiments [188℄. Possibly the
solvation has to be ativated in order to show those binding energy shifts desribed above.
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Figure 10.3: left: The I 4d emission line taken at hν = 90 eV. The spetra are normalized to the
beam urrent. right: The N 1s ore level, measured with hν = 450 eV. In the rst adsorption step
(+LiI) it shows the hemisorption of aetonitrile out from liquid solution.
The N1s emission line (Fig.10.3 right) shows already upon LiI adsorption an intensity
rise. As we arried out the adsorption of LiI from aetonitrile solution at room temperature
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(aordingly to Setion 4.2.2), it is assumed, that the aetonitrile solvent evaporates. But a
fration of aetonitrile is evidently still left on the surfae. Sine the LiI adsorption has been
arried out at room temperature, aetonitrile is apparently strongly bound (hemisorbed)
on the TiO2 surfae. Aordingly, a hemisorption at room temperature of aetonitrile
has been observed by other groups with Photoeletron Spetrosopy on dierent surfaes
like Si(001) [301, 302℄ and Ni(111) [303℄ surfae. Compared to the more noisy spetra of
aetonitrile adsorption from the gas phase (Figure 7.1 top right, page 102), a larger amount
of aetonitrile moleules remains on the substrate by absorbing LiI from aetonitrile solution.
At slightly higher binding energies, the I 4d level (Fig.10.3 left) shows a small shoulder,
whih might be due to the formation of I
−
3 ions (ompare Fig. 11.2 bottom right, page 159).
This small ontribution inreases slightly in intensity upon oadsorption of aetonitrile and
dereases upon annealing to room temperature.
Surprisingly the I 4d emission line inreases in intensity by oadsorption of the solvent.
This is addressed to a more homogeneous distribution of the I
−
speies over the sample
surfae. After annealing and evaporation of the oadsorbed solvent to room temperature
this distribution seems to be reversed.
Ti 2p and gap region spetra The Ti 2p ore level emission has been measured in order
to eluidate the substrate/eletrolyte interation (Figure 10.4 top left). The spetra have
been normalized against the Ti 2p main emission line to exlude damping eets. One
an see, like in the ase of all adsorbates so far, a quenhing of the gap states upon
LiI adsorption. But from the observations of the N 1s spetra it is not lear, whether the
quenhing of the Ti
3+
states orresponds to the LiI or the hemisorbed aetonitrile, beause
aetonitrile alone quenhes the Ti
3+
states as well as we have observed in the adsorption
of aetonitrile onto the bare TiO2 substrate (see Figure 7.3 top left, page 105).
In addition the gap region has been reorded with hν = 90 eV and normalized to the Ti 3p
photoemission line (Fig.10.4 top right). The band gap spetra for the LiI adsorption show
learly a redution of the VO states intensity. The intensity hanges are very similar to
the development of the Ti
3+
states intensity (Fig.10.4 bottom). Taking the hemisorption
of aetonitrile into aount (Fig.10.3 right), we annot onlude whether the LiI or the
aetonitrile is responsible for the derease of the intensity of the VO states. In addition to
this VO states intensity derease, we notie an inrease of the T i3d < EF states upon LiI
adsorption.
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Figure 10.4: top left: The Ti 2p ore level reorded at hν = 600 eV and normalized to the main
emission line (Ti
4+
). top right: The gap region (hν = 90 eV), normalized to the Ti 3p level. bottom
up: The integrated intensity hanges of the Ti
3+
states relative to the Ti
4+
states as observed by
the Ti 2p emission line. bottom down: The intensity hanges for the VO and the T i3d < EF states,
normalized to their respetive initial intensity.
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10.2.2 molten salt + aetonitrile
I 4d The I 4d emission line with molten salt/aetonitrile oadsorption has been taken at
hν = 90 eV and normalized to the beam urrent, as displayed by Figure 10.5.
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Figure 10.5: The I 4d emission line
measured at hν = 90 eV and normal-
ized to the beam urrent.
Sine the molten salt ation ontains two nitrogen atoms (Fig.2.17), the N 1s line is not
appropriate to observe a possible hemisorption eet of aetonitrile on the molten salt (the
molten salt is like LiI dissolved in aetonitrile). We assume, that by the adsorption of molten
salt, some aetonitrile is also adsorbed, as observed for the LiI/aetonitrile oadsorption.
Ti 2p and gap region In line with the observations made for LiI/CH3CN oadsorption
the Ti 2p level (10.6 top left) and the gap region spetra (Fig. 10.6 top right) show the
same trend. The Ti
3+
states as well as the VO states are quenhed upon molten salt and
aetonitrile oadsorption. As for LiI adsorption, a diret evidene of any interation between
eletrolyte salt and aetonitrile is not observed.
In ontrast to the inrease of the T i3d < EF states upon LiI adsorption, here the intensity
of the T i3d < EF states dereases throughout the oadsorption (Figure 10.6 bottom).
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Figure 10.6: top left: The Ti 2p ore level (hν = 600 eV, normalized to main emission line). top
right: The gap region, taken at hν = 90 eV; normalized to Ti 3p intensity. bottom up: The intensity
ourse of the Ti
3+
states relative to the Ti
4+
main emission line. bottom down: The intensity
ourse of the VO and the T i3d < EF states.
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10.3 Disussion of the results
Weber et al. [186℄ have measured LiI in a water jet by Photoeletron Spetrosopy and
referened their binding energy values against the vauum level. In order to ompare
the ionization potential Ip with our binding energy value EB, the work funtion φ of the
TiO2/LiI/aetonitrile interfae needs to be subtrated from the ionization potential values
of Weber et al. The work funtion ranges from φ=3.8 - 4.0 eV, thus we assume 3.9 eV. In
Table 10.1 the literature data from Weber et al. is ompared to our data (LiI and molten
salt respetively).
Weber et al. LiI molten salt
EB(I 4d5/2) [eV℄ 49.9 49.6 49.3
EB(I 5p3/2) [eV℄ 3.8 3.5 (3.2)
∆EB(I 4d5/2-I 5p3/2) [eV℄ 46.1 46.1 46.1
Table 10.1: The omparison of the binding energy values of Weber et al. [186℄ with data from this
work. The value for the I 5p of the molten salt is in brakets, beause it has been dedued from the
binding energy dierene of the I 4d levels between LiI and molten salt.
The deviation of 0.3 eV (LiI) and 0.6 eV (molten salt) to lower binding energies of our
experimental data might be due to sreening of the photohole by eletron density from
the TiO2 substrate. Another reason may be, that a dierent solvent has been used by
Weber et al. (water) than the one used within this work (aetonitrile). Aording to a
photoeletron spetrosopy study of gas phase solvation performed by Markovih et al.
the solvation shift of the I 5p orbital by water [304℄ and aetonitrile [188℄ diers learly:
Taking a solvent moleule luster of the same number of moleules (55 solvent moleules),
water shifts the I 5p emission about at least 0.5 eV further to higher binding energies than
aetonitrile. Taking this into aount, our experimentally determined binding energy values
math reasonably with the results of Weber et al. [186℄. This suggests, that both molten
salt and LiI are solvated by surrounding solvent moleules.
In Setion 10.1 we observed a binding energy dierene of the I 4d emission line of 0.3 eV
between the LiI and the molten salt adsorption. In order to explain this shift, we have
to onsider the dierenes of both salts, namely the ation. For LiI the Li+ ion is rather
small, having an ioni radius of 73 pm, whereas the ation of the molten salt (1-propyl-3-
methylimidazolium) is very large with 570 pm. Proportional to the distane between the
ation and anion the ioni binding energy dereases. Thus the eletrostati interation
between Li+ and I− is muh larger than for the molten salt ation and I−. The I− in LiI is
more strongly stabilized than in the molten salt, thus the binding energy is shifted to larger
values.
11 TiO2 / N3 Ru dye / iodide / solvent interfae
In this hapter the omplete interfae of the working eletrode is desribed by means of the
oadsorption of the three omponents N3 dye, molten salt and aetonitrile.
11.1 Coadsorption of N3 dye, molten salt and aetonitrile
Valene band and gap region spetra After the dye has been deposited onto the TiO2
substrate the molten salt has been oadsorbed. Subsequently three oadsorption steps of
inreasing aetonitrile overage have been performed.
Surprisingly after oadsorption of aetonitrile the intensity of the I 4d emission line is in-
reasing (Fig.11.1 left). Obviously, the solvent has a deisive inuene on the surfae
distribution of the I
−
ions of the molten salt.
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Figure 11.1: left: The valene band, taken at hν = 90 eV. The intensity has been normalized to the
beam urrent. right: The gap region at the same exitation energy hν, but normalized to the Ti 3p
level. For details see text.
The gap region of the oadsorption system is shown by Figure 11.1 right. At the bottom the
adsorbed Ru dye shows the two omponents I and II of the HOMO level at the same binding
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energies (EB =1.8 eV (I) and 2.2 eV (II)) as desribed in Setion 8.7, (page 126) by using
similar parameters for the tting proedure. By oadsorbing the molten salt an additional
unknown omponent at EB = 2.5 eV appears (marked with X). This omponent X is loated
in its binding energy between the I 5p level at 3.5 eV (Fig. 10.2) and the omponent II of the
HOMO level. During the following oadsorption of aetonitrile, the additional omponent
X is not hanged in intensity, whereas the HOMO levels I and II derease slightly. The
assignment of omponent X is unlear, beause no additional omponent is found in the
ore level spetra shown below (Fig.11.2 left and middle). However, the omponent X only
shows up by oadsorbing the dye and the molten salt, but by adsorbing the dye or the
molten salt alone, it is not present. Regarding possible assignments of these unknown X
states, a further disussion is provided in the onlusion setion of this hapter (Setion
11.2).
S 2p and I 4d ore level spetra In Figure 11.2 top left, the S 2p emission line is displayed,
taken at hν = 210 eV. In order to onrm the observations made from the gap region,
the S 2p emission of the dye has been deonvoluted into three Voigt proles aording
to Figure 8.6 (page 124). Upon molten salt oadsorption, all three S 2p omponents shift
about 70meV to higher binding energies. After further oadsorption of aetonitrile a similar
development as in the ase of the aetonitrile oadsorption takes plae (Figure 9.2 left, page
133). The binding energy of the omponents shift by 120meV and the emission is mainly
showing only one speies (Figure 11.2 top left). The binding energy shift is in ontrast to
the results of the aetonitrile oadsorption without I
−
, where the binding energies of the
omponents remain at same values.
On the other hand, the I 4d emission line, shown by Figure 11.2 bottom left, shows a shift
into the opposite diretion: The I 4d emission is loated at 100meV lower binding energies
(EB = 49.2 eV) ompared to the value for molten salt adsorbed onto the untreated TiO2
substrate (EB =49.3 eV). In the disussion setion below (Setion 11.2), an interpretation
of these opposite shifts of the S 2p and the I 4d emission line is given.
In addition, the proeeding oadsorption of aetonitrile shows learly the rise in intensity of
the I 4d line again, although no more molten salt is adsorbed (Figure 11.2 top right). The
aetonitrile leads to a shift of 150meV towards higher binding energies.
Also additional states at higher binding energy (EB = 51.7 eV) appear after oadsorbing
aetonitrile, whih are addressed as I
−
3 states. By a Voigt tting proedure the binding
energy dierene to the main line have been determined to be 2.4 eV (Fig.11.2 bottom
right).
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Figure 11.2: top left: The S 2p level, reorded at hν = 210 eV and normalized to the beam urrent.
top right: The I 4d level, measured at hν = 90 eV and normalized to the beam urrent. bottom
left: Comparison between the I 4d5/2 emission line of the molten salt adsorbed onto the untreated
TiO2 substrate (from Figure 10.5 right) and on the dye overed substrate (from top right graph).
bottom right: I 4d emission line after the third aetonitrile adsorption step (from top right graph)
and its deonvolution by a Voigt tting proedure of the last oadsorption step of aetonitrile on
top of Ru dye/LiI showing triiodide
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11.2 Disussion of the results
By means of the more homogeneous distribution of the molten salt after aetonitrile ad-
sorption (Fig.11.1 left), we ould show, that the molten salt is dissolved in the solvent,
probably ativated by the synhrotron beam. Thus we ould demonstrate, that the model
experiments at the TiO2/dye/molten salt/solvent interfae approahes to the real, liquid
eletrolyte.
An inrease of an additional omponent at higher binding energy in the I 4d spetra ourse
(Fig.11.2) is related to the formation of I
−
3 . A possible explanation for the presene of the
I
−
3 states ould be, that I
−
ions are oxidized to I
−
3 in order to reredue photooxidized dye.
The additional states in the gap region at EB =2.5 eV as well as the opposite binding energy
shifts of the S 2p and the I 4d emission line upon dye/molten salt oadsorption favors a
model of intermoleular interation. The opposite shifts of S 2p and I 4d (Figure 11.2 top
and bottom left) suggest a hemial bonding between iodide and the thioyanate group. It
has been found by Agrell et al. [296, 297℄ that I2 and SCN
−
interat strongly by forming
a I2SCN
−
omplex. Consequently new states between the HOMO and the I 5p orbitals
are formed. Sine their origin is not lear they are alled X states in Figure 11.1 right.
Sine these X states are energetially loated between the I 5p and the HOMO level, these
X states would be of nonbonding harater within this model. This assumption involves
the formation of bonding orbitals as well, whih are loated below the I 5p states. Due to
the high DOS of the valene band of the TiO2 substrate these bonding states annot be
separated learly. Within this assumption these nonbonding hybrid HOMO-I 5p states may
be the appropriate eletroni level for the harge transfer of holes from the dye to the I 5p.
However, it has to be learly stated, that this assignment is only a tentatively hypothesis in
order to explain these unknown X states. The shift of the S 2p level towards higher binding
energy ould also be explained by a solvation of ations of the molten salt, whih forms a
dipole shell around the sulphur atom, thus leading to the positive binding energy shift by
stabilization. Following this approah, the X states might originate from ation surrounded
HOMO orbitals.
The assumed eletroni alignment of the omplete interfae is shown by Figure 11.3. All
eletroni levels, inluding the VO and T i3d < EF states, the two HOMO levels, the I 5p
states and the attributed HOMO - I 5p hybrid states are inluded in this piture.
After the photoexitation of an eletron from the (isolated) HOMO level to the LUMO
the photohole transfers from the dye moleule to the I
−
ion. There are two possible paths
possible for the hole transfer: The rst (
1©) is the transfer path, for whih it is assumed,
that the so attributed hybrid X states are involved in the harge transfer. Following this
assumption, the holes need to overome a barrier of only 0.3 eV in order to leave the dye
HOMO level. The seond possible hole transfer path (
2©) does not inlude the hybrid X
states. Assuming this option, the holes need to get over a barrier of even 1.0 eV whih is
far above thermal energy.
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Figure 11.3: The energeti positions of the ele-
troni states of the omplete interfae of the work-
ing eletrode in the DSSC as measured in this work.
Two possible harge transfer paths for holes from the
HOMO to the I 5p states of the I
−
ion are illustrated:
1©: The X states are involved in the hole transfer.
2©: The hole transfer without involving the X states.
It is surprising, that the transfer of the photohole seems to inlude a more or less large
barrier. This is in ontradition to the eletrohemial data from literature, where the
redox potential of the eletrolyte is aligned to the dye HOMO level without barrier (see
Figure 1.1, page 19). Therefore it seems safe to onlude that a diret transfer to I
−
ions
in solution is not an appropriate hole transfer and dye neutralization mehanism after light
indued eletron injetion.
12 Summary & Outlook
12.1 TiO2 substrate
The morphology of nanorystalline as well as CVD -TiO2 substrate have been haraterized.
The nanorystalline TiO2 shows a granular morphology, whereas the CVD-TiO2 varies from
granular mirostruture to a struture build-up from plates, being arranged perpendiular to
the surfae. Although the mirostruture of both substrates may dier from ase to ase,
it has no signiant impat on the measured eletroni properties as indiated by a similar
gap state distribution.
By GIXRD measurements the rystalline phases of the TiO2 of both n - TiO2 and CVD -
TiO2 have been determined to be anatase. In addition Raman spetrosopy has been applied
on the CVD -TiO2, whih onrmed the result of the GIXRD measurement. One of the
reasons for the use of anatase instead of rutile for Dye Sensitized Solar Cells is the 10 times
higher eletron mobility in anatase ompared to rutile.
In the bandgap region of the substrate, two kinds of gap states have been observed, namely
VO at a binding energy of 1.3 eV, and T i3d < EF states, whih are loated just below the
Fermi level. While the VO states ould be assigned as oxygen vaany surfae states, the
origin of the T i3d < EF states remains unlear. The valene band maximum is loated at
EB =3.6 eV, while the band gap of anatase is only 3.2 eV. Assuming the rigid band model,
the anatase substrate is a highly degenerated semiondutor with 400meV of oupied
ondution band states.
Also alternative explanations for the origin of the T i3d < EF states are possible. Models
have been developed, where these T i3d < EF states have been either attributed to deloal-
ized states, subsurfae states or as states originating from a Ti2O3 surfae phase. However,
we want to suggest an intermediate ase, where the T i3d < EF states are loated in the
subsurfae region. The dierent intensity ratio of VO and T i3d < EF states observed at
dierent photon exitation energies indiates that the T i3d < EF states are not loated at
the outermost surfae. On the other hand the partial quenhing of the T i3d < EF states
due to adsorbates is a hint for the surfae position of these states.
12.2 Solvent adsorption
Two kinds of solvents, polar aetonitrile and unpolar benzene, have been adsorbed onto
the untreated TiO2 substrate. In order to adsorb the solvent from the gas phase onto
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the sample in the UHV, the sample has been mounted onto a manipulator ooled with
liquid nitrogen. The overage has been estimated by the attenuation of the main Ti 2p
substrate signal. The eletroni struture of the valene band region of both solvents has
been haraterized and the respetive moleular orbitals have been assigned by omparison
to gas phase spetra from literature.
In the ase of aetonitrile adsorption a quenhing of both Ti
3+
and VO states to a similar
extent has been observed. To a lower degree, the T i3d < EF states are quenhed as well.
The quenhing of eletroni states is an indiation for an eletroni interation between
aetonitrile and the TiO2 surfae. Unlike aetonitrile, benzene does not show suh strong
interation with the substrate. Very high overages are needed to observe a signiant
derease in intensity of the Ti
3+
and VO states. The T i3d < EF states are hardly inuened
by the adsorption of benzene.
In the ase of aetonitrile, the work funtion is lowered by 0.35 eV. Sine the aetonitrile
moleule is a strong dipole, it has been onluded that the dipole is direted towards the
substrate surfae, i.e. the nitrogen is pointing towards the surfae.
Upon annealing to room temperature the solvent evaporates and all quenhed states are
fully restored in the ase of benzene, whereas a fration of aetonitrile moleules remains
on the substrate surfae. Therefore it has been dedued, that the adsorption of benzene
is ompletely reversible, while a fration of aetonitrile moleules is obviously hemisorbed
onto the TiO2 surfae.
Sine the surfae defet states are quenhed by aetonitrile, it has been onluded that
aetonitrile is not only a medium for dissolving the eletrolyte salt. Aetonitrile also redues
a possible reombination pathway of photoinjeted eletrons via the detrimental surfae
defet states.
12.3 Dye adsorption
Dye adsorption has been performed from ethanol solution at room temperature and normal
pressure argon atmosphere. In order to yield monolayer overage the sample has been rinsed
with ethanol removing nonbonded dye moleules. The respetive atomi omponents within
the ore level spetra have been deonvoluted by Voigt proles. The integrated intensities
of the respetive omponents math reasonably with the expeted number of elements
given by the moleular struture.
Regarding the interation of the dye moleules with the TiO2 surfae earlier Photoeletron
Spetrosopy experiments, performed by Westermark et al. [21℄, have been onrmed, that
the VO states are quenhed upon dye adsorption. In line with the VO state quenhing, an
intensity derease of the Ti
3+
states has been observed. Thus the dye moleules are bound
to the same sites as the solvent moleules. But the degree of quenhed adsorption sites is
smaller in the ase of dye adsorption ompared to solvent adsorption. It has been dedued,
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that the muh larger dye moleules are not able to reah suh a large amount of adsorption
sites per area like the muh smaller solvent moleules.
12.4 Dye/solvent oadsorption
The oadsorption of either polar aetonitrile or unpolar benzene moleules onto the dye
overed substrate surfae has been aomplished. In the ase of aetonitrile oadsorption,
the intensity hanges of the appropriate ore levels and the HOMO learly indiates a
reorientation and solvation of the dye moleules. In line the work funtion hanges are
explained in terms of a dipole model, whih indiates a rearrangement of the dye with
respet to the substrate. In ontrast, the oadsorption of unpolar benzene moleules does
not involve an orientational hange of the dye moleules. Thus it is onluded that the
reorientation depends on the polarity of the oadsorbed solvent.
These results are of high relevane for the funtion of the DSSC devie. The diretional
transfer of holes and eletrons is favored by the distint geometry of the dye moleule,
often referred to as vetorial harge transfer [1℄. This implies, that the dye ideally works as
an eletroni membrane, transferring holes and eletrons in opposite diretions. Therefore
the orientation of the dye oupling onto the TiO2 substrate is the key point to allow an
eetive harge separation.
Moreover, a model of the alignment of the eletroni states, either belonging to the sub-
strate, the dye, or the oadsorbed solvent moleules, has been developed. In order to
estimate the binding energy of the LUMO of the dye moleule (EB = -0.12 eV), the maxi-
mum of optial absorption of the dye (535 nm =ˆ 2.32 eV) has been ompared to the SXPS
data in this work. The model of the eletroni alignment at the TiO2/dye/solvent inter-
fae suggests, that photoexited eletrons in the LUMO level are injeted into the TiO2
semiondutor, driven by a potential drop of 0.42 eV.
12.5 Eletrolyte salt/solvent oadsorption
Two eletrolyte salts, LiI and the molten salt PMII (1-propyl-3-methylimidazolium iodide)
have been adsorbed onto the untreated TiO2 substrate. The adsorption has been performed
from aetonitrile solution at room temperature and in argon atmosphere. These are the
same ambient onditions like for the dye adsorption. The omparison between the two salts
revealed a binding energy dierene of 300meV between the respetive I 4d photoemission
lines (LiI: EB =49.6 eV; molten salt: 49.3 eV). With these values the energy position of
the I 5p states for the molten salt (3.2 eV) are dedued at 300meV lower binding energy
ompared to the I 5p states belonging to LiI (3.5 eV).
One shortoming of adsorbing the eletrolyte salt from solution is the fat that only one
redox speies, the redued I
−
ion, have been adsorbed. Sine iodine (I2) sublimes, it is
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not possible to adsorb the oxidized redox speies, the I
−
3 ion, from solution. Sine the
fous of this work is on the working eletrode half ell, only the redued redox speies is of
prime interest. Moreover, by oadsorbing the I
−
3 speies, a ligand exhange reation of the
thioyanate groups is promoted, whih has been observed by other groups [296, 297℄.
In the ase of LiI the I 4d emission line shows a shoulder at 2.4 eV higher binding ener-
gies, whih is inreasing in intensity with proeeding oadsorption of aetonitrile. Thus an
attribution of this shoulder to the I
−
3 speies has been suggested.
12.6 Dye/eletrolyte salt/solvent oadsorption
The oadsorption of the eletrolyte, inluding an I
−
anion, the ation (1-propyl-3-methyl-
imidazolium), and the solvent aetonitrile has been performed onto the dye sensitized sub-
strate surfae.
Additional valene states, referred to as X states, losely below the HOMO level are formed.
The origin of these states is yet unlear, but it has been suggested, that they arise from
a hemial bonding of the I
−
ions with the thioyanate group. This assumption is justied
by the fat, that this X states only appear, if both dye and eletrolyte salt are oadsorbed.
Following this assumption, moleular orbitals are formed. Sine these states are loated
between the I 5p states and the HOMO level, these states are addressed as nonbonding
moleular orbitals between the HOMO level and the I 5p states. Within this suggested
model the possible eet of these states regarding the devie funtion has been eluidated.
If these X states are involved in the hole transfer from the HOMO to the I
−
redox ouple
speies, an energy barrier of 0.3 eV for the hole injetion into the eletrolyte has been
estimated. If the X states are not involved in the hole transfer, then the barrier or the hole
injetion is with 1.0 eV muh too large.
The more homogeneous distribution of the I
−
indued by the oadsorbed solvent sug-
gests that the eletrolyte salt is dissolved in the solvent, probably ativated by the syn-
hrotron beam. Thus it has been demonstrated, that the model experiments at the
TiO2/dye/eletrolyte salt/solvent interfae orrespond reasonably to the real, liquid ele-
trolyte.
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In this work, a substrate material, whih is widely applied in the DSSC devie, has been
used. In order to investigate the interations of the diverse adsorbates with the substrate
of dened anatase surfaes, anatase single rystals need to be prepared.
To onrm the reorientation of the dye moleules on the substrate surfae, dye moleules
need to be adsorbed on a at surfae of a dened single rystalline anatase sample. In-
vestigating aetonitrile and benzene oadsorption onto the dye overed single rystal are
expeted to yield ontrary results. In order to yield lear results, e.g. by analyzing the
oadsorption with X-Ray Absorption Spetrosopy, a suitable dye has to be hosen with the
π eletron systems in one plane, whih should show an angular dependeny of absorption
intensity on the polarization of the synhrotron light.
In order to prepare the omplete eletrolyte in UHV, the oxidized redox speies, the I
−
3
ion, needs also to be adsorbed. Maybe the origin of the additional omponent, whih
only appears in the presene of dye, solvent and eletrolyte, an be laried by performing
experiments with the omplete eletrolyte. This an only be ahieved by freezing the
eletrolyte while still liquid. It has to be taken great are in order to redue possible
ontaminations by water adsorption.
4-tert butylpyridine is a widely used additive for improving the performane of the DSSC.
It is observed, that its appliation auses an inrease of the photovoltage due to moving
the ondution band edge upward [76,305℄. The eletron lifetime is inreased, whih might
be beause of a dereased aessibility of I
−
3 ions to the TiO2 surfae, thus preventing
reombination. To eluidate the mode of ation of this additive, a ombined study of
eletrial measurements and UPS has been aomplished by Dürr et al. [306℄. They found
a derease of band gap states due to adsorption of 4-TBP, therefore onluding a derease
of related reombination enters. It would also be of interest to investigate the inuene of
4-tert butylpyridine with respet to the dye moleules and the eletrolyte by oadsorption
experiments.
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